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characterization,  are  discussed  for  the  C10-diamitle7pppxy  and  bis-maleimide  resins.  Fracture  toughness 
results  and  glass  transition  temperatures  for  neat  resin  are  reported  for  six  thermoset  polymers  (Narmco 
5208,  Hexcel  F-178,  NASA  PMR-15,  Gulf  T-600,  Cipa-Geigy  NCNS  and  NRL  CIO  diamide),  and  eight 
thermoplastic  polymers  (Carborundum  Astrel,  Union' Carbide  Radei  and  Udel,  ICI  P300,  Upjohn  2080, 
DuPont  NR150B2,  Amoco  Torlon  4000  and  Phillips  Ryton  PPS.)  Adhesive  fracture  energies  at  room 
temperature  and  at  225  C  are  reported  for  a  number  of  commercial  and  experimental  thermosetting  and 
thermoplastic  adhesive  systems.  Composite  fabrication  procedures  were  developed  for  the  NRL  C10- 
diamide/T-300  graphite  material  system. 

Composite  test  panels  were  fabricated  from  T-300  graphite  with  NRL  Cl 0-diamide,  Narmco  5208  and 
Hexcel  F-178  for  fracture  tests  conducted  on  an  in-plane  loader  developed  at  the  Naval  Research  Laboratory. 
Tests  were  run  at  room  temperature  and  at  232°C  and  various  laminate  layup  angles.  Critical  loads  and 
displacements  and  maximum  loads  supported  by  the  samples  were  measured  as  functions  of  laminate 
orientation  at  the  two  temperatures  and  the  data  stored  and  analyzed  with  a  computer.  For  the  materials 
and  loadings  used  in  this  study  there  is  little  difference  in  the  in-plane  fracture  toughness.  The  laminate 
samples  also  retained  significant  strength  at  232°C,  a  temperature  considerably  higher  than  the  recommended 
maximum  use  temperature  for  the  resins.  This  indicates  that  in-plane  fracture  toughness  of  fiber-reinforced 
composites  is  dominated  by  the  fiber. 
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HIGH  PERFORMANCE  COMPOSITES  AND  ADHESIVES  FOR  V/STOL  AIRCRAFT 

Pinal  Report 
INTRODUCTION 

This  is  the  fined,  report  of  a  multidisciplinary  program  initiated  in 
July  1975  to  provide  information  on  graphite  fiber-reinforced  composite 
materials  and  improved  adhesives  for  potential  use  in  Navy  V/STOL  aircraft. 
Today's  military  and  civilian  aircraft  are  making  increasing  use  of  fiber- 
reinforced  composite  materials  as  a  substitute  for  metals  because  of  the 
weight  and  performance  advantage#  and  the  cost  effectiveness  of  these  new 
structured,  materials.  The  weight  saving  is  critical  to  the  successful 
development  and  deployment  of  V/STOL  aircraft  which  require  a  larger, 
heavier  propulsion  system. 

The  severe  weight  constraints  on  carrier-based  aircraft  in  general  and 
vertical/short  take-off  and  landing  (V/STOL)  aircraft  in  particular,  have 
caused  the  Navy  to  look  to  new  design  concepts  utilizing  easily  fabricated, 
fiber-reinforced  composites  that  combine  superior  stiffness  with  a  high 
strength-to-weight  ratio.  At  the  time  of  initiation  of  this  program  it  was 
felt  that  the  temperature  to  be  reached  on  portions  of  the  V/STOL  underbody 
would  require  a  resin  system  that  could  withstand  in  excess  of  260°C 
(500°F) ,  far  above  the  capability  of  state-of-the-art  epoxies.  With  the 
passage  of  time,  however,  this  temperature  requirement  has  been  relaxed 
somewhat  while  the  effect  of  moisture  absorption  on  the  degradation  of 
composite  properties  has  drawn  increased  attention.  Thus,  there  still 
remains  a  requirement  for  composite  systems,  with  a  significantly  greater 
performance  capability  than  is  available  from  epoxies,  for  use  in  advanced 
V/STOL  and  other  high  performance  aircraft. 

This  need  to  maximize  structural  weight  savings  led  to  an  in-depth 
study  at  the  Naval  Research  Laboratory  (NRL)  of  the  variables  that 
influence  the  behavior  of  composites  and  adhesives.  The  overall  effort 
was  a  blend  of  fundamental  and  applied  research  representing 
different  scientific  disciplines  and  organizational  areas  within  the 
Laboratory.  Administratively,  the  program  was  divided  into  six  inter¬ 
related  and  interacting  task  areas: 

Resin  Synthesis 

Thermcmiechanical  Characterization 

Chemical  Characterization 

Radiation  Curing 

Composite  Fabrication 

Failure  Criteria  for  Composite  Structures 


Manuscript  approved  September  21,  1983. 


The  Resin  Synthesis  and  Radiation  Curing  Tasks  were  completed  and 
terminated  at  the  end  of  FY78.  This  report  gives  a  summary  of  the  work  of 
the  other  four  Task  Areas  as  well  as  a  status  report  for  the  Radiation 
Curing  task.  Finally,  a  bibliography  of  published  reports  covering  the 
various  aspects  of  work  associated  with  this  program  is  included. 

Seme  accomplishments  of  the  Task  Areas  in  this  program  are  summarized 
in  the  following  paragraphs. 

Resin  Synthesis;  A  new  class  of  highly  crosslinked  polymers,  was 
investigated  in  this  program.  Designated  "polyphthalocyanines " ,  these 
materials  had  been  developed  in  an  in-house  basic  research  program.  The  C- 
10  diamide-linked  phthalocyanine  system  chosen  for  evaluation  was  shown  to 
be  comparable  in  performance  to  the  bis-maleimide,  F-178,  i.e.  it  could  be 
readily  processed  by  conventional  techniques  and  had  an  upper  use 
temperature  of  about  450°F  (232°C) .  Although  the  phthalocyanine  prepreg 
had  poor  drape  and  tack  (disadvantages  which  could  be  removed  by  further 
development) ,  it  could  be  stored  indefinitely  at  room  temperature.  Second 
generation  resins  of  this  class  have  evolved  from  the  continuing  basic 
research  program.  The  new  resins  are  based  on  diether-linked 
phthalonitrile  precursors  which  may  be  readily  synthesized  in  a  one-step 
process  frem  low-cost  starting  materials.  Moreover,  they  have  improved 
thermal  stability,  low  moisture  absorption,  and  reduced  flammability  with  a 
high  char  yield.  Further  investigation  of  these  new  materials  as  matrix 
resins  for  composites  is  being  carried  out  under  another  program. 


Thermornechanical  Characterization:  A  significant  accomplishment  of 
this  task  has  been  the  acceptance,  by  the  aerospace  industry,  of  the 
concept  of  fracture  toughness  as  an  important  material  property  of  resins 
used  as  matrices  for  fiber-reinforced  composites.  Throughout  this  program 
emphasis  has  been  placed  on  the  evaluation  of  the  toughness  of  candidate 
resins  and  hew  this  parameter  affects  composite  toughness.  A  study  carried 
out  with  industry  cooperation  has  clearly  demonstrated  that  toughened 
matrix  resins  provide  composites  with  improved  interlaminar  shear 
properties. 

Chemical  Characterization:  Navy  and  DoD  concern  about  quality 
control  of  composite  matrix  materials  led  to  the  incorporation  of  chemical 
characterization  as  a  major  component  of  this  study.  Aerospace  industry 
fabricators  of  composites  also  have  a  stake  in  materials  characterization. 
The  NRL  effort  contributed  significantly  to  the  DoD-industry  investigation 
of  the  characterization  of  epoxy  components  and  thus  led  to  a  better  under¬ 
standing  of  ccmposition-performance  relationships.  Further,  the  NRL  effort 
provided  information  on  the  chemical  characterization  of  bianaleimide  and 
phthalocyanine  precursors  and  detailed  quality  control  procedures  for  the 
latter.  It  was  clearly  demonstrated  that  the  exact  composition  of  the 
single-ccmponent  phthalocyanine  precursor  could  be  readily  identified  and 
that  reasonable,  simplified  quality  assurance  technology  was  available  for 
exploitation.  The  general  effect  of  these  efforts  has  been  the  acceptance 
by  the  producers  of  advanced  resin  systems  of  the  necessity  for  cooperating 
with  users  in  supplying  information  on  product  formulation  and  in 
maintaining  stable  product  composition. 
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r/mpnfiit-e  Fabrication!  This  task  prepared  all  composite  samples  used 
by  the  Failure  Criteria  Task.  The  two  commercial  prepregs  were  cured  using 
manufacturer's  standard  recommendations,  modified  as  necessary  for  the 
equipment  available  at  NRL.  The  task  demonstrated  that  NRL  CIO  diamide 
could  be  made  into  prepreg  either  by  the  hot  melt  method  or  by  the  solvent 
slurry  method.  Data  from  differential  scanning  calorimetry,  dynamic 
dielectric  analysis  and  thermogravimetric  analysis  were  used  to  develop  the 
cure  cycles  for  NRL  CIO  diamide  prepregs. 


Radiation  Curing:  This  task  shewed  that  radiation  curing  is  a  viable 
technique  for  curing  adhesives.  The  process  cam  often  produce  properties 
in  adhesives  which  are  better  than  those  obtained  through  thermal  cures 
because  of  the  lack  of  heat  induced  strains.  However,  there  must  be  more 
work  in  developing  adhesive  resins  which  can  be  cured  through  the  radiation 
process.  Such  efforts  would  be  rewarding  because  of  the  cost  effectiveness 
of  radiation  curing  as  compared  to  conventional  heat  cures. 


Failure  Criteria  for  Composites:  Using  a  novel  automated  in-plane 
loader  testing  instrument,  this  task  extensively  tested  a  series  of  three 
graphite  fiber  (T-300)  reinforced  composites,  with  different  matrix  resins 
(NRL  CIO  phthalocyanine ,  Hexcel  F-178  and  Narmeo  5208) .  The  complex  data 
characterizing  the  failure  behavior  can  be  displayed  by  a  3-d  graphical 
method  using  an  analysis  algorithm  developed  by  the  task.  The  results 
showed  that  there  is  little  difference  in  the  in-planp  fracture  toughness 
for  the  three  composites  at  room  temperature  and  at  elevated  temperature. 
There  was  significant  in-plane  fracture  toughness  at  temperatures  higher 
than  the  "use"  temperatures  of  the  resins.  The  conclusion  is  that  in¬ 
plane  fracture  toughness  is  dominated  by  the  fiber.  The  group  also  found 
that  the  analytical  technique  could  be  used  to  predict  failure  loads  and 
location  and  they  verified  this  by  fracture  tests  on  a  box  beam. 


This  task  also  investigated  the  application  of  fracture  mechanics  to 
adhesive  joints.  They  found  that  a  single  fracture  parameter  may  not 
characterize  adhesive  joints  under  complex  loading.  Classical  fracture 
mechanics  can  be  applied  to  joints  under  tensile  loading  and  under  tensile 
loading  with  a  small  degree  of  shear  and  bending.  Combined  tension,  shear 
and  bending  usually  leads  to  non-linear  behavior  of  adhesive  joints. 
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Chemical  Characterization  for  Quality  Control 

C.  F.  Poranski,  Jr.  and  W.  5.  Moniz 
Polymer  Diagnostics  Section 
Chemistry  Division 

INTRODUCTION 


Programs  to  develop  or  select  organic  polymers  for  aerospace  applica¬ 
tions  must  include  development  of  quality  assurance  procedures.  These 
procedures  should  include  tests  to  verify  not  only  the  processability  and 
physical  properties  but  also  the  chemical  composition  of  the  prepolymer. 

This  threefold  approach  to  quality  assurance  was  an  integral  part  of  the 
NEL  V/STOL  program. 

The  Chemical  Characterization  Task  was  responsible  for  developing 
analytical  procedures  to  monitor  the  chemical  composition  of  polymer  systems 
studied  in  the  program.  These  procedures  can  now  be  coupled  with  those 
developed  by  the  other  Tasks  for  monitoring  thermochemical  and  physical 
properties  to  form  a  complete  quality  assurance  scheme  for  these  polymer 
systems. 

The  final  report  of  this  task  is  divided  into  three  parts.  The  first 
part  covers  the  work  of  the  past  year.  The  second  part  outlines  the  major 
accomplishments  of  the  whole  period.  The  final  part  is  an  evaluation  which 
contains  suggestions  for  quality  control  procedures  for  the  major  materials 
studied  in  the  program. 

WORK  DURING  FY79 


The  primary  effort  in  this  Task  during  FY79  concerned  N,N'-bis (3,4- 
dicyanophenyl)decanediamide,  Figure  1,  hereafter  referred  to  as  C.. --diamide . 
This  compound  was  selected  for  development  from  a  series  of  polyp nthalocya- 
nine  precursors  synthesized  at  the  Naval  Research  Laboratory. 


Chemical  characterization  of  C^-diamide  by  proton  and  carbon-13  nmr 
was  completed  earlier  in  this  program  (la).  The  present  work  concerns 
characterization  of  fresh  and  aged  prepreg  made  from  C10~diamide  and  graphite 
fiber  and  of  the  B-staged  system  formed  from  C^Q-diamide  and  SnC^'^O. 

C^Q-diamide/Graphite  Prepreg:  Contracts  had  been  placed  with  two  companies 
to  develop  procedures  for  fabricating  prepreg  using  C^-diamide  and 
Thomel-300  graphite  fiber.  One  contractor  employed  a  not  melt  procedure 
resulting  in  a  black  prepreg  with  a  30%  C^Q-diamide  content.  The  other 
contractor  used  a  solvent  slurry  method  to  produce  a  green  prepreg  with  a  40% 
C^Q-diamide  content.  Both  prepregs  were  dry  and  boardy. 


The  depth  of  color  of  the  prepreg  indicates  the  degree  of  heating  (or  B- 
staging)  involved  in  each  procedure.  Initially,  C^g-diamide  is  a  near-white 
material.  Upon  melting,  thermally-activated  curing  begins  and  the  material 
quickly  darkens.  If  heating  is  stopped  soon  after  melting,  the  curing  re¬ 
actions  stop,  and  the  resulting  material  is  green.  If  the  heating  is  contin¬ 
ued  the  material  darkens,  appearing  black  in  reflected  light.  It  appears, 
therefore,  that  the  hot  melt  procedure,  requiring  the  Cin-diamide  to  be  fluid 
for  a  considerable  time,  results  in  a  fairly  advanced  state  of  cure.  In  the 
solvent  slurry  method  the  prepreg  is  evidently  heated  enough  to  drive  off  the 
solvent  and  melt  the  C^g-diamide  onto  the  fibers,  then  cooled  to  prevent  fur¬ 
ther  cure  reaction. 

Samples  of  these  two  prepregs  were  extracted  with  hot  ethanol.  The 
black  prepreg  gave  a  clear,  colorless  solution  which  on  evaporation  left  a 
trace  of  white  residue  too  small  to  aralyze.  The  green  prepreg  gave  a  bright 
yellow  solution  which  on  evaporation  left  a  considerable  amount  of  light 
yellow  precipitate.  The  precipitate  was  identified  as  CLg-diamide  by  its 
proton  nmr  spectrum. 

Because  it  contained  the  desired  40%  resin  content,  the  prepreg  pre¬ 
pared  by  the  solvent  slurry  method  was  selected  for  further  study.  This 
prepreg  was  found,  however,  to  contain  volatiles  which  caused  problems  in 
producing  cured  composite.  The  volatiles  were  identified  by  nmr  analysis  to 
be  a  mixture  of  water  and  dimethyl  formamide,  the  solvent  used  in  manufacture 
of  the  prepreg. 

Prepreg  Aging  Tests:  The  mechanism  proposed  for  the  cure  of  the  C^g-diamide 
is  condensation  of  its  nitrile  groups  to  give  a  phthalocyanine  structure. 
Since  this  reaction  occurs  only  above  the  melting  point  of  C- ..-diamide, 
around  200  C,  it  was  felt  that  C^g-diamide  prepreg  would  be  stable  indefi¬ 
nitely  at  room  temperature.  An  aging  study  was  carried  out  on  the  C^g- 
diamide  prepreg  to  verify  this  hypothesis. 

For  this  study,  kits  consisting  of  seventeen  6"  x  6"  pieces  of  C  - 
diamide  prepreg  were  aged  at  room  temperature  in  chambers  held  at  relative 
humidities  of  16%  and  95%.  Every  four  weeks  a  kit  was  removed  from  each 
chamber.  One  piece  from  each  kit  was  set  aside  for  the  chemical  characteri¬ 
zation  work.  The  remaining  16  pieces  from  each  kit  were  heated  at  100  C 
under  a  vacuum  of  30"  Hg  for  3-1/2  hours  to  remove  volatiles.  After  the 
heat/vacuum  treatment  each  set  of  "dried"  prepreg  was  used  to  prepare  a 
sixteen-ply  composite  panel.  Flexural  and  shear  properties  of  the  cured 
composite  panels  are  reported  in  the  chapter,  "Fabrication  of  Phthalocyanine/ 
Graphite  Composites".  The  plies  set  aside  for  the  chemical  tests  were  not 
vacuum  dried. 

For  these  tests  a  one-gram  sample  of  each  piece  of  the  aged  prepreg  was 
extracted  in  a  Soxhlet  apparatus  with  20  ml  of  ethanol  for  3-1/2  hrs.  The 
ethanol  was  evaporated  and  the  extracted  residue  was  air  dried  overnight. 

The  samples  were  weighed,  their  melting  points  measured  and  proton  nmr 
spectra  run. 

The  amount  of  material  recovered  through  the  ethanol  extraction  of 
these  samples  ranged  from  14%  to  90%  of  the  theoretical  resin  loading.  There 
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was  no  dependence  of  amount  of  material  extracted  on  either  age  or 
humidity.  This  variability  may  arise  from  non-uniform  melting  of  the  C^g- 
diamide  during  the  prepreg  manufacture.  Thus  there  are  "islands"  of 
unmelted  (kg-diamide  distributed  across  the  surface  of  prepreg.  This  was 
reflected  in  the  non-uniformity  of  the  green  color  of  the  prepreg. 

Each  of  the  extracted  samples  melted  within  a  2-4  degree  range  and  all 
melting  points  were  between  174  and  182  .  These  melting  points  are  lower 
than  that  of  the  C^g-diamide  from  which  the  prepreg  was  made. 

Proton  nmr  spectra  of  the  air  dried  extracts  were  run  in  two  solvents, 
dimethyl  formamide-d_  and  dimethyl  sulf oxide-dg .  The  first  is  an  excellent 
solvent  for  C..  ..-diamide  and  thus  offers  a  higher  probability  of  detecting 
impurities.  Tne  spectra  were  also  run  in  dimethyl  sulfoxide-dg  to  monitor 
the  presence  of  dimethyl  formamide  remaining  from  the  manufacturing  process. 
Basically  the  spectra  are  quite  similar  to  those  obtained  with  unheated 
C^g-diamide,  as  illustrated  in  Figure  2.  In  the  spectra  of  the  material  ex¬ 
tracted  from  the  prepreg  there  are  some  features  for  which  we  have  not  yet 
been  able  to  account.  These  features  (Figure  2)  are  the  broad  resonance  at 
4.4  ppm  and  the  multiplet  a  7  ppm.  There  is  a  possibility  that  these  peaks 
come  from  UC-309,  the  finish  on  the  Thomel  300  fiber. 


There  is  a  new  peak  at  8  ppm  which  in  this  sample  is  a  shoulder  spike 
on  the  main  band.  This  peak  may  be  due  to  some  of  the  solvent,  dimethyl 
formamide-d^,  which  has  exchanged  the  formyl  deuteron  for  a  proton.  We  have 
some  evidence  that  the  proton  source  is  the  amide  group  in  the  C^g-diamide 

RH  +  DC  (0)N-(CD3)2^HC(0)N-(CD3)2  +  RD 

which  has  been  heated.  No  exchange  has  been  observed  in  the  spectra  of  C.Q- 
diamide  which  has  not  been  heated.  This  peak  does  not  occur  in  the  dimethyl 
sulfoxide-dg  solutions  of  the  prepreg  extracts. 

C^g-diamide/SnClg  System:  C-g-diamide  cures  to  form  polyphthalocyanine  at 
temperatures  above  200  C.  Tne  reaction  can  be  accelerated  by  addition  of 
powdered  metals  or  metallic  salts.  The  metals  or  salts  can  also  affect  other 
properties.  Thus,  a  mixture  of  C.g-diamide  with  a  stoichiometric  amount  of 
SnCl2*2H_0  not  only  cures  faster,  but  also  forms  a  polymer  which  has  higher 
flammability  resistance  than  cured  C^g-diamide  alone.  It  was  reported, 
however,  that  the  long  term  high  temperature  mechanical  properties  of  this 
polymer  were  not  as  good  as  those  of  polymer  prepared  from  C^g-diamide  alone. 
We  attempted  to  determine  the  cause  of  the  change  in  mechanical  properties 

This  prepolyraer  is  prepared  by 
diamide  and  SnCl2*2H_0  at  175°C 

The 


by  studying  the  C. g-diamide/SnCl2  prepolymer 
heating  a  thoroughly  mixed  charge  of  Clf)-dia] 
until  all  of  the  water  is  eliminated,  about  15-20  minutest 
amber-colored  solid  is  soluble  in  dime^.  yl  formamide. 


ie  resulting 


Figure  3  shows  the  proton  nmr  spectrum  of  this  prepolymer.  The  peaks 
arise  primarily  from  C^g-diamide.  (Note  that  SnCl2  has  no  protons  and  will 
not  be  detected  by  this  technique. )  There  are,  however,  two  features  not 
attributable  to  C^-diamide.  First,  the  band  at  2.0  ppm,  normally  a  triplet 
arising  from  the  protons  of  the  methylene  group  adjacent  to  the  amide 
carbonyl,  appears  to  be  an  unsymmetrical  quartet.  Second,  there  are  a  number 
of  additional  lines  between  6.5  and  7.0  ppm  due  to  aromatic  protons. 


Comparison  with  spectra  of  authentic  materials  showed  that  the  aromatic  lines 
were  due  to  4-aminophthalonitrile  and  that  the  distortion  of  the  band  at 
2  ppm  is  caused  by  overlap  with  a  signal  from  methylene  protons  adjacent  to 
the  carbonyl  group  of  sebacic  acid. 

The  presence  of  these  compounds  in  the  CL  -,-diamide/SnCl-  mixture  can 
be  explained  by  assuming  that  hydrolysis  of  tne  C^g-diamide  has  occurred. 


-j-  HOjCtCOjH 

Scheme  1 

This  could  easily  occur  during  the  early  stages  of  heating  the  CL  g-diamide/ 
SnC^^^O  mixture.  The  SnC^  could  catalyze  the  hydrolytic  attack  at  the 
amide  group.  The  extent  of  hydrolysis  will  depend  on  the  composition  of  the 
CLg-diamide/SnCl^^^O  mixture  and  the  rate  at  which  the  mixture  is  heated  to 
tne  B-staging  temperature.  By  careful  adjustment  of  these  two  parameters  it 
would  be  possible  to  control  the  amount  of  4-aminophthalonitrile  and  the  C^g- 
monoamide  present  in  the  B-staged  material.  Both  of  these  compounds  can 
react  as  end-caps  with  the  phthalonitrile  groups  of  the  growing  polymer. 

Thus  the  degree  of  cross-linking  in  the  final  polymer  could  be  altered  to 
affect  the  final  mechanical  properties. 


SUMMARY  OF  THE  OVERALL  PROGRAM 


It  is  fitting  in  this  final  report  to  review  in  summary  form  the  high¬ 
lights  of  the  efforts  of  the  Chemical  Characterization  Task  during  the 
course  of  this  program.  One  convenient  way  of  doing  this  is  to  look  at  the 
classes  of  materials  studied  and  the  techniques  used.  This  will  include 
general  observations  and  conclusions  generated  not  only  from  this  program, 
but  also  from  interactions  with  other  characterization  programs. 

Epoxy  Resins:  Initial  activity  in  the  area  of  epoxy  resin  analysis  was  the 
assembly  of  a  catalog  of  carbon-13  and  proton  nmr  spectra  of  a  variety  of 
epoxy  resins  and  curing  agents  (2).  This  data  base  demonstrated  that 
carbon-13  nmr  could  be  used  to  identify  different  classes  of  epoxy  resins 
(3)  and  how  quantitative  carbon-13  nmr  could  be  applied  to  measurements  of 
average  oligomer  content  of  DGEBA  type  epoxy  resins  (4) . 

Efforts  then  focused  on  epoxy  systems  based  on  tetraglycidyl  methylene- 
dianiline,  TGMDA,  since  this  resin  appeared  headed  for  a  primary  role  as  a 
matrix  for  high  performance  composites  in  aerospace  applications.  Figure  4 
gives  an  example  of  the  usefulness  of  carbon-13  nmr  for  studying  these 
systems.  The  figure  shows  carbon-13  nmr  spectra  of  the  matrix  material  ex¬ 
tracted  from  graphite/epoxy  prepregs  obtained  from  three  different  commercial 
sources.  Each  formulation  is  based  on  TGMDA  with  diaminodiphenylsulfone 
(DDS)  as  the  curing  agent.  Each  system  contains  additional  components, 
however,  which  are  different  in  each  formulation.  The  carbon-13  nmr  spectra 
clearly  reveal  the  presence  of  these  additives,  without  the  necessity  of 
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separating  the  complex  mixtures. 

Further  work  on  TGMDA/DDS  systems  resulted  in  a  proton  nmr  method  for 
quantitative  analysis  (5) .  While  the  procedure  at  present  takes  account  only 
of  the  two  primary  components,  it  could  be  easily  adapted  to  accommodate  the 
presence  of  the  additives  found  in  the  sophisticated  prepreg  matrix  formula¬ 
tions  . 

Some  of  the  greatest  progress  in  the  analysis  of  these  systems  has  come 
in  the  field  of  liquid  chromatography  (LC) .  The  cooperative  efforts  of 
government  and  industry  have  demonstrated  the  practicality  of  quality  control 
procedures  based  in  part  on  LC  analysis.  Most  encouraging  are  the  results 
obtained  in  a  recent  round-robin  test  for  an  LC  procedure  for  a  typical  com¬ 
mercial  formulation.  The  results  of  this  round-robin  test  (6)  showed  that, 
by  working  together,  a  supplier  and  customer  could  develop  reproducible  and 
meaningful  methods  for  monitoring  chemical  composition  of  proprietary  formu¬ 
lations. 

Polyimides  and  Other  Materials;  During  the  early  stages  of  this  program,  a 
wide  variety  of  materials  was  surveyed,  with  carbon-13  and  proton  nmr,  in¬ 
cluding  polyimide  precursors,  polysulf ones ,  epoxy  novolacs  and  Xyloks.  Two 
of  these  materials  were  studied  in  detail;  Hughes  HR-600  and  Hexcel  F-178. 

The  proposed  structure  of  the  prepolymer  of  HR-600  was  confirmed  by  carbon-13 
nmr  (7).  We  determined  that  F-178  was  predominantly  a  mixture  of  two  compo¬ 
nents,  the  bismaleimide  of  methylene  dianiline  and  triallyl  isocyanurate. 

This  latter  compound  is  a  high-boiling  liquid  which  can  react  with  the  malei- 
mide.  This  mixture  resulted  in  a  prepreg  with  tack  and  drape  which  could  be 
laid  up  and  cured  following  procedures  developed  for  epoxy  resin  prepregs. 

In  essence  it  is  a  100%  reactive  system  which  avoids  the  solvent  removal  step 
required  with  dry  polyimide  precursor  systems. 

However,  like  the  epoxy  prepreg,  the  F-178  prepreg  has  a  limited  shelf- 
life.  We  postulated  that  this  was  due  to  the  progression  of  cure  via  a  free 
radical  mechanism  initiated  during  prepreg  manufacture.  We  were  not  able  to 
confirm  this,  however,  in  an  aging  study  on  F-178  prepreg  (8). 

CHEMICAL  COMPOSITION  QUALITY  CONTROL  PROCEDURES 

The  establishment  of  quality  control  procedures  is  an  important  step  in 
any  material  procurement  program.  The  tests  to  be  used  should  be  appropriate 
to  assure  consistency  of  material  both  in  composition  and  performance  witnout 
unnecessarily  increasing  costs. 

During  the  past  few  years  a  great  amount  of  attention  has  been  given  to 
the  area  of  chemical  characterization  of  matrix  resins  in  high  performance 
composites  (9-11) .  This  came  about  because  of  the  need  of  the  aerospace  in¬ 
dustry  to  reduce  costs  and  assure  product  performance.  Moral  and  financial 
support  from  DOD  and  NASA  resulted  in  programs  to  develop  and  refine  analyti¬ 
cal  tools  and  determine  meaningful  limits  for  concentration  variations.  This 
last  point  has  indeed  been  the  most  difficult  to  assess  because  of  the  large 
investment  in  time  and  materials  required,  and  it  still  is  unresolved. 
Nonetheless,  the  concept  of  chemical  characterization  has  gained  acceptance 
and  eventually  should  be  incorporated  into  material  specifications. 


From  the  work  done  so  far,  it  is  clear  that,  for  most  systems,  no  one 
technique  can  accomplish  the  whole  characterization  task.  The  work  required 
for  each  system  will  depend  on  the  complexity  of  the  system  and  the  degree  to 
which  the  various  components  are  found  to  affect  the  final  performance.  And 
chemical  characterization  must  be  coupled  with  tests  of  processing  variables 
to  form  a  complete  quality  control  program. 

The  materials  studied  in  the  composite  matrix  area  of  this  programm  fall 
into  three  categories,  epoxy  resins  (Narmco  5208),  polyimide  (Hexcel  F-178) , 
and  polyphthalocyanine  (NRL  CL.-diamide) .  Each  requires  a  different  charac¬ 
terization  scheme.  Some  possible  approaches  are  described  below. 

Narmco  5208:  Narmco  has  shown  great  interest  in  developing  characteri¬ 
zation  methods  for  their  resin  systems  (6,12).  The  company  has  indicated 
willingness  to  cooperate  with  their  customers  in  developing  quality  control 
programs  which  will  assure  compositional  consistency  while  nominally  protect¬ 
ing  the  proprietary  nature  of  formulations  (6) .  The  primary  technique  could 
be  liquid  chromatography,  comparing  chromatograms  of  shipped  lots  of  prepreg 
to  those  of  previously  agreed  upon  standard  solutions,  supplied  with  the 
shipments . 

Hexcel  F-178:  The  chemical  characterization  of  this  system  has  not  re¬ 
ceived  as  much  attention  as  has  been  given  the  epoxies.  Analysis  of  its 
carbon-13  and  proton  nmr  spectra  showed  its  major  components  to  be  methylene 
dianiline  bis-maleimide  and  triallyl  isocyanurate  in  a  ratio  close  to  1:1. 

The  proton  nmr  spectrum  (Figure  5)  offers  a  convenient,  rapid  analytical 
approach,  because  the  peaks  from  the  major  components  are  well  separated. 
There  are  two  problems  to  overcome  in  the  analysis  of  F-178  resin.  The  first 
is  that  the  resin  deteriorates  rapidly  when  dissolved  in  acetone.  Any 
analysis  of  acetone  solutions  must  be  carried  out  promptly.  It  is  not  known 
at  present  if  the  deterioration  is  due  to  the  acetone,  or  if  it  will  occur  in 
any  solvent.  The  second  problem  is  that  acetone  is  not  a  strong  enough  sol¬ 
vent  to  extract  semi-cured  products  formed  during  aging  of  the  resin  (8) . 

More  work  is  needed  to  develop  a  solution-based  analytical  procedure  (nmr, 
liquid  chromatography,  infrared). 

The  status  of  chemical  characterization  and  quality  control  procedures 
for  F-178  is  similar  to  that  in  the  epoxy  field  a  few  years  ago.  A  good  deal 
is  known  about  the  system,  but  much  remains  to  be  done  if  and  when  F-178  pre- 
pregs  achieve  high  use  in  aerospace  applications. 

C^Q-Piamide:  In  contrast  to  the  complexity  of  the  epoxy  resin  and  F-178 
systems;  C.^-diamide  is  a  single  component  system.  As  such,  its  analysis  at 
the  raw  material  stage  is  much  simpler.  It  appears  however  that  analysis  of 
B-stage  prepreg  will  be  more  difficult. 

Much  of  the  C  -d-iam-tde  used  in  this  program  was  obtained  under  contract 
from  a  commercial  vendor.  Acceptance  specifications  included  melting  points, 
infrared  spectra  and  elemental  analyses.  Other  initial  tests  run  at  NRL  in¬ 
cluded  proton  and  carbon-13  nmr,  and  curability.  Table  1  gives  delivered 
batch  size,  melting  point  and  elemental  analyses  of  the  five  commercial  lots. 


Table  1.  Comparison  of  Melting  Points  and  Elemental 

Analyses  for  Five  Commercially  Produced  Lots 
of  C^Q-diamide. 


Lot  No. 

A7 

B7 

C7 

D7 

E7 

Stda 

Size 

2.8  lbs. 

6.6  lbs. 

24.6  lbs. 

44  lbs . 

16  lbs. 

— 

• 

Melting  Point 

b 

185°-187° 

186°-188° 

183°-187° 

187°-190° 

185°-187° 

190°- 

-192' 

Elemental** 

C% 

68.76 

68.58 

68.68 

68.96 

68.56 

69. 

.34 

Analyses 

H% 

5.55 

5.68 

5.37 

5.48 

5.53 

5. 

.56 

N% 

17.98 

18.37 

18.95 

17.99 

18.34 

18. 

.71 

a.  High  purity  NRL  preparation. 

b.  Specification  was  3  degree  range  within  185-192°. 

c.  After  oven  drying. 

d.  Theoretical:  C,  69.1%;  H,  5.35%;  N,  18.57%. 


Since  C^-diamide  is  a  distinct  organic  molecule,  its  melting  point  can 
be  a  valuable  quality  control  parameter.  Two  points  have  to  be  amplified. 
First,  a  standard  procedure  must  be  established  for  melting  point  determina¬ 
tions  for  comparisons  to  be  valid.  Such  a  procedure,  based  on  differential 
scanning  calorimetry,  has  previously  been  proposed  (13).  Second,  it  is 
economically  unsound  to  require  commercial  C^_-diamide  to  have  the  same 
melting  point  as  the  standard.  Just  how  close  to  the  standard  and  over  how 
narrow  a  range  a  commercial  lot  must  melt  is  still  not  fully  determined. 

There  is  a  variety  of  melting  behavior  among  the  five  lots  (Table  1)  but  all 
cured  "properly."  As  yet,  we  have  no  complete  set  of  thermomechanical  test 
results  for  these  lots  to  compare  behavior. 

Figure  6  shows  the  infrared  spectrum  obtained  from  a  sample  synthesized 
at  NRL.  ..We  have  assigned- some  of  the  more  prominent  bands  as  follows: 

3330  cm  (N-H) ,  3100  cm  (aromatic  C-H) ,  2940  and  2860  cm  ,  (aliphatic 
C-H^,  2240  cm  (CiN^mO  an  (00) ,  1590,  1520,  1490  cm  (C=C) ,  1340 
cm  (PhN-H) ,  1255  cm  (amide  III).  Inspection  of  the  infrared  spectra  of 
the  various  batches  of  C^g-diamide  showed  that  all  of  them  were  similar  to 
the  spectrum  in  Figure  67  However,  variations  occurred  in  some  bands  which 
could  not  be  correlated  with  melting  point  or  method  of  purification  of  the 
batch.  The  two  major  variations  were  changes  in  the  width  and  shape  of  the 
carbonyl ^band ,  and  the  occasional  appearance  of  a  moderately  strong  band  at 
1410  cm  which  overwhelmed  the  three  small  bands  in  that  region.  Clearly, 
much  work  is  required  before  infrared  spectroscopy  could  function  as  a 
quality  control  vehicle  in  any  way  other  than  gross  identification  of  C._- 
diamide . 

The  quality  control  role  of  carbon-13  nmr  is  much  the  same  as  for  infra¬ 
red  spectroscopy,  but  for  a  different  reason.  It  is  sensitivity,  rather  than 
precision  or  reproducibility,  which  limits  the  potential  of  carbon-13  nmr. 
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For  example,  the  carbon-13  chemical  shifts  measured  from  the  spectra  of  over 
16  separate  batches  ('.Pi  and  commercial)  were  constant  to  ±  .3  ppm  over  a 
chemical  shift  range  of  200  ppm.  There  are  no  obvious  problems  due  to  the 
previous  histories  of  the  samples.  However,  carbon-13  nmr  is  hard  pressed  to 
detect  impurities  at  low  levels,  say  below  5%,  without  retorting  to  time- 
consuming  data  accumulations  impractical  for  routine  use.  The  primary  reason 
for  this  low  sensitivity  is  the  1%  natural  abundance  of  the  carbon-13  isotope. 
In  the  case  of  C.. --diamide,  the  problem  is  compounded  by  its  low  solubility: 
this  results  in  lowering  the  effective  sensitivity  towards  impurities  and 
leads  to  dynamic  range  problems  in  the  detection  system  due  to  the  large 
solvent  signals. 


Proton  nmr,  on  the  other  hand,  does  not  suffer  from  low  sensitivity.  It 
provides,  therefore,  a  quick  method  of  identification  as  well  as  for  deter¬ 
mining  impurities  at  the  1-5%  level.  In  spite  of  the  low  solubility  of  C..-- 
diamide  in  dimethyl  sulfoxide  (DMSO-d,)  9  mg/ml)  we  were  able  to  deteccin 
one  sample  ^2%  dimethyl  formamide  (DMF) ,  a  solvent  used  in  the  commercial 
preparation  (Figure  7).  In  more  concentrated  solutions  in  DMF-d^  160 
mg/ml)  we  have  observed  in  the  proton  nmr  spectrum  of  several  samples,  traces 
(M.%)  of  acetone  or  ethyl  alcohol,  solvents  which  may  be  used  to  wash  the 
material  after  synthesis. 


Future  C1f)-diamide  procurement  contracts  should  include  the  following 
chemical  acceptance  tests;  proton  nmr  spectra  in  both  dimethyl  formamide-d^ 
and  dimethyl  sulf oxide-dg ,  infrared  spectrum,  melting  point,  and  elemental 
analysis.  The  procedures  and  test  limits  are  given  be?  v.  They  are  aimed  at 
assuring  that  received  material  is,  in  fact,  C^g-diamide  and  does  not  contain 
unacceptable  levels  of  contaminants,  such  as  inorganic  fillers,  unreacted 
starting  materials  (4-aminophthalonitrile  and  sebacyl  chloride) ,  reaction  by¬ 
products,  and  manufacturing  solvents.  The  practical  limits  for  contaminant 
levels  are  not  known  at  present.  Those  given  below  (see  Test  Procedures) 
should  assure  receipt  of  C^g-diamide  equivalent  in  quality  to  material  pre¬ 
viously  received  from  commercial  sources. 


Additional  tests  are  advisable  to  assure  processability.  For  example,  a 
curing  test  can  be  developed  based  on  specified  sample  configuration,  temper¬ 
ature,  and  time  to  reach  a  given  hardness.  The  texture  of  the  material  is  an 
important  processing  variable  and  should  be  specified  in  some  manner  such  as 
particle  size,  grind  or  a  flow  property.  Finally,  some  physical  test  to 
determine  the  strength  of  the  cured  polymer  should  be  specified. 


L*V 

•  • 

►  V 


•  -  £ 


m 


A  written  test  report,  including  copies  of  the  spectra,  should  be 
required . 


The  validity  of  the  elemental  analysis  rests  on  the  type  of  impurity,  if 


any,  contained  by  the  C^g-diamide.  If  present  at  a  1%  level  an  inorganic 
filler  material  which  does  not  contribute  to  the  measured  carbon  would  lower 


the  carbon  elemental  analysis  result  enough  to  disqualify  the  material.  But 
the  presence  of  an  organic  impurity,  such  as  dimethyl  formamide,  does  contri¬ 
bute  to  the  measured  carbon  content.  A  sample  of  C.g-diamide  containing  2% 
dimethyl  formamide  would  still  give  an  acceptable  elemental  analysis.  A  con¬ 
taminant  such  as  dimethyl  formamide  or  acetone  quite  possibly  could  evaporate 
during  a  melting  point  determination,  and  thus  escape  detection  in  both  the 
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elemental  analysis  and  melting  point  tests.  However,  such  contaminants  are 
detectable  using  the  recommended  proton  nmr  procedures. 

Test  Procedures 

Proton  nmr  spectra:  a.  The  proton  nmr  spectrum  of  a  0.05  to  0.08%  (by 
weight)  solution  in  dimethylf ormamide-d^  shall  match  that  of  a  supplied  stand 
ard  material.  The  ratio  of  the  area  of  the  aliphatic  proton  peak  (0.7-1. 9 
ppm)  to  the  area  of  the  aromatic  proton  peaks  (7.5  to  8.5  ppm)  shall  be  2  ± 
0.15  when  measured  by  standard  quantitative  proton  nmr  techniques  (14).  (The 
error  limit  of  ±  0.15  is  tentative  and  subject  to  change  based  on  future 
statistical  studies  of  the  errors  in  this  analysis.)  The  intensities  of 
extraneous  solvent  peaks  (acetone,  water,  etc.)  shall  be  measured,  by  refer¬ 
ence  to  a  calibration  curve,  to  assure  that  their  concentration  is  below  some 
acceptable  level,  yet  to  be  determined,  b.  The  proton  nmr  spectrum  of  a 
0.008%  (by  weight)  solution  in  dimethylsulf oxide-d^  shall  be  examined  for 
presence  of  residual  dimethyl  formamide  peaks  between  2.8  and  3.0  ppm.  The 
dimethyl  formamide  content  shall  be  2%  or  less  by  weight  as  determined  from 
comparison  with  a  calibration  curve. 

Infrared  spectrum:  The  spectrum  (1%  in  KBr  pellet)  shall  match  that  of 
a  supplied  standard  material.  This  test  serves  to  confirm  the  presence_jf 
the  phthalonitrile  C=N  groups  through  the  presence  of  a  band  at  2240  cm 
At  the  present  time  this  is  a  qualitative  test  only. 

Melting  point:  Melting  shall  occur  over  a  3°C  or  less  range,  between 
the  limits  of  185°C  and  194°C.  Note  any  sign  of  solvent  evaporation,  pre¬ 
melting  or  sintering.  The  measurement  shall  be  made  on  a  Fisher-Johns 
melting  point  apparatus  in  the  standard  configuration.  A  procedure  based  on 
differential  scanning  calorimetry  may  be  an  alternative. 

Elemental  analysis  for  C,  H,  N:  The  results  shall  agree  with  theoreti¬ 
cal  values  Tor  C2^  O2  within  ±  0.5%  (C,  69.0%;  H,  5.3%;  N,  18.6%). 


c 

1C 


N,N'-bis(3,4-dicyanophenyl)  decanediamide,  commonly  known  as 
C. ,,-diamide . 


extracted  from  prepreg 


Fig.  2  -  Proton  mar  spectra,  in  dimethyl  fonnamide-d_,  of  CL  n-diaraide  (upper 
spectrum)  and  material  extracted  from  a  C1n-diamide/T-300  prepreg. 
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Proton  nrar  spectrum  (60  MHz)  of  the  material  resulting 
staging  of  a  stoichiometric  mixture  of  C..  -diamide  and 


Chaalcal  Shift  (pm) 


l 


Carbon-13  nmr  spectra  of  three  commercially  available  resin  systems 
based  on  TGMDA/DDS.  The  solvent  is  acetone. 
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Fig.  7  -  Proton  nmr  spectrum  of  C^g-diamide  in  dimethyl  sulfoxide-d, .  The 
expanded  region  shows  the  two  peaks  due  to  residual  dimethyl 
formamide. 
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THERMOMECHANICAL  CHARACTERIZATION  OF  HIGH  PERFORMANCE 
POLYMERIC  RESINS  AND  ADHESIVES 


.  Robert  Y.  Ting  and  Robert  L.  Cottington 
'  Polymeric  Materials  Branch 
Chemistry  Division 

INTRODUCTION 


For  application  as  the  matrix  resin  of  fiber-reinforced  composites  for 
advanced  V/STOL  aircraft,  the  more  important  mechanical  properties  required 
of  a  polymer  include  stiffness  (high  modulus)  and  toughness  (high  fracture 
energy).  The  objective  of  this  task  has  been  to  determine  the  effect  of 
temperature,  moisture  and  thermal  aging  on  these  properties  for  a 
variety  of  candidate  resins.  One  fundamental  criterion  for  resin  selection 


was  that  the  candidate  be  a  potential  matrix  material  that  offered  tempera¬ 
ture  capabilities  in  excess  of  200  C  (approximately  U00  F).  An  experimental 


determination  of  the  fracture  toughness  of  available  high-temperature 


adhesives  was  also  made. 


The  modulus  and  fracture  energy  of  various  commercial  high  performance 
polymers  and  the  C-10  phthalocyanine  polymer  have  been  determined  and  the 
results  reported  (1,2).  By  using  a  freely  oscillating  torsion  pendulum 
operating  at  ca.  1  Hz,  the  dynamic  shear  modulus  and  the  damping  factor  of 
polymers  were  evaluated  over  the  temperature  range  of  -200  C  to  +350  C. 

The  glass  transition  temperature  was  defined  as  the  temperature  where  a 
rapid  decrease  in  shear  modulus  and  increase  in  damping  factor  took  place. 
Polymer  fracture  energy  was  measured  by  using  compact  tension  specimens. 


For  the  wide  variety  of  resins  studied,  an  important  trend  is  clearly 
seen  from  the  results  reported  in  Table  1;  namely,  the  thermoplastic 
polymers  exhibit  much  higher  fracture  energies  than  the  thermosetting 
materials.  This  striking  difference  is  attributed  to  the  high  free  volume 
available  in  thermoplastics  for  molecular  flow  and  energy  dissipation.  While 
the  values  of  resin  fracture  energies  were  calculated  by  assuming  that  the 
plane-strain  conditions  prevailed,  the  actual  fracture  tests  were  carried  out 
using  specimens  with  thicknesses  varying  from  0.3  cm  to  1.3  cm.  In  order  to 
assess  the  validity  of  the  plane-strain  assumption  the  effect  of  specimen 
thickness  on  polymer  fracture  energy  was  studied. 


In  the  second  portion  of  this  task  report,  work  on  the  evaluation  of 
high  performance  adhesives  is  described.  The  adhesive  fracture  energy, 
measured  at  both  room  temperature  and  at  225°C  (*+35Q?’),  is  given  for 
various  resin  candidates. 
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Specimen  Thickness  Effect 


As  indicated  above,  the  reported  polymer  fracture  energies  (2)  were 
obtained  oy  using  standard  compact  tension  specimens  of  various  thicknesses, 
^.t  is  possible  that  in  many  cases  the  plane-stress  contribution  at  the 
crack  tip  was  important,  relative  to  the  plane-strain  contribution. 

It  is  well  known  (3)  that  the  contribution  of  plane-stress  to  fracture 
failure,  relative  to  plane-strain  contribution,  increases  with  decreasing 
specimen  thickness. 

This  issue  of  plane-stress  vs.  plane-strain  effects  for  fracture 
failure  is  important  to  engineering  design.  The  fracture  energy  based 
on  the  plane-stress  condition  is  higher  than  that  of  the  plane-strain 
condition  by  a  factor  of  (l  -  v  ),  where  v  is  the  material  Poisson's 
ratio  (M.  3y  using  the  plane-stress  value,  therefore,  one  could  be 
overestimating  the  toughness  of  the  material.  In  fact,  in  many 
structural  components  fracture  tends  to  initiate  from  flaws  such  as 
surface  scratches  or  from  internal  cracks,  which,  under  stress,  are 
subjected  to  essentially  pure-strain  conditions.  Therefore,  the  appro¬ 
priate  design  criterion  should  be  based  on  the  plane-strain  fracture 
energy. 


The  effect  of  specimen  thickness  on  the  fracture  energy  was  examined 
for  ohree  thermoplastic  polymers:  RADEL  polyphenylsulfone,  UDEL  poly- 
sulfone  (both  from  Union  Carbide  Co.)  and  VICTRSX  polyeuhersulfcne  (from 
ICI  America  Inc.).  The  materials  were  received  as  extruded  or  injection 
melded  plates  of  various  thicknesses.  Standard  compact  tension  specimens, 
schematically  shown  in  Fig.  1,  were  cut  from  the  plates  and  annealed 
in  an  air-circulating  oven  following  annealing  cycles  recommended  by 
the  manufacturers.  Since,  for  thick  specimens,  precracks 
could  not  be  successfully  formed  by  tapping  the  edge  of  the  dovetail  with 
a  razor  blade,  the  dovetail  was  eliminated  and  a  precrack  was  introduced 
by  using  a  blade  at  the  end  of  the  saw  cut.  Specimens  were  then 
fractured  in  an  INSTRON  with  the  cross-head  speed  of  0.125  cm/min. 

Polymer  fracture  energy  (opening  mode)  was  calculated  from  the.  following 
equation  ( 5 ) • 

G  =  Y2  P  2  a/E  W  2  o2  (1) 

Ic  c 


where  Y  is  a  geometrical  factor  given  as 

Y  =  29-6  -  186  (a/W)  +  656  (a/W)2  -  1017  (a/U)3  +  639  (a/W)a 


?  is  the  critical  fracture  load,  a  the  crack  length,  W  the  specimen 
c 

width,  and  b  the  specimen  thickness.  The  modulus  of  the  sample,  S,  was 
determined  by  performing  a  four-point  bending  test  for  each  polymer  and 
the  result  used  in  Eq.  (l)  for  evaluating  the  fracture  energy  G.^. 
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Fig.  2  shows  the  fracture  energies  of  the  sulfone  polymers  as  a 
function  of  the  compact-tension  specimen  thickness.  Each  data  point 

represents  the  average  result  of  6-8  tests.  The  data  show  that  the  G_ 

,  .  Ic 

values  indeed  decrease  gradually  as  sample  thickness  increases,  except 

for  the  1.25  cm  polyphenylsulfone  specimens.  This  abnormality  may  be 
due  to  the  specific  sample  plate  received  from  the  manufacturer. 

The  fracture  energies  level  off  to  constant  values  for  specimens  thicker 
than  1  cm.  These  constant  values  may  therefore  be  taken  as  th^  plane- 
strain  Gj^ .  In  the  case  of  polysulf^ne,  the  value  of  3.1  kJ/m-  is  in 
good  agreement  with  that  of  3.2  kJ/m  reported  by  Gales  and  Mills  (6). 

It  has  been  suggested  (7)  that  for  satisfactory  plane-strain  fracture 
toughness  testing  the  specimen  thickness  should  be  greater  than 


b  > 


(2) 


where  a  is  the  yield  strength  of  the  material.  The  minimum  thickness 
required  for  each  polymer  sample,  calculated  based  on  this  criterion,  is 
given  in  Table  2.  These  results  agree  very  well  with  the  experimental 
observation  in  Fig.  2.  It  can  therefore  be  concluded  that,  for  the 
sulfone  polymers,  one  would  readily  satisfy  the  requirement  for  plane- 
strain  testing  if  1  cm  thick  specimens  were  used.  For  the  thermosetting 
polymers  shown  in  Table  1,  the  minimum  thickness  required  is  much  less 
than  that  required  for  thermoplastics  because  the  G^c  values  for  the 

thermosets  are  only  0.2  kJ/m^  or  less.  Based  on  the  criterion  of  Eq.  (2), 
this  thickness  is  only  about  0.04  cm  for  G^c  *  0.2  kJ/m  and  a q  =  70  MPa. 

The  tensile  strengths  for  the  Upjohn  2080  and  DuPont  NR150B2  polyimides 
are  as  high  as  120  MPa.  Even  at  this  stress  level  the  materials  usually 
fail  by  fracture  before  yielding,  so  120  MPa  underestimates  the  yield 
strength,' a  .  In  view  of  these  considerations,  the  requirement  of  1  cm 
minimum  thickness  derived  from  the  sulfone  polymer  test  results  is  actually 
an  overestimate  of  the  minimum  specimen  thickness  for  plane-strain  testing 
of  these  polyimides. 


Adhesive  Fracture  Enert 


Joining  composite  structural  elements,  either  to  themselves  or  to 
metals,  can  be  most  effectively  done  by  adhesive  bonding.  However,  there 
are  many  design  problems  associated  with  the  adhesive  bonding  of  composites 
and  there  is'  a  need  to  establish  failure  criteria  based  on  the  onset  of 
crack  growth.  Part  of  the  efforts  in  the  Failure  Criteria  Task, 
described  in  a  later  section  of  this  report,  is  concerned  with  the  devel¬ 
opment  of  such  information.  In  the  present  study  the  adhesive 
fracture  energy,  or  the  opening-mode  strain  energy  release  rate,  of  an 
adhesive  layer  has  been  determined  for  various  candidate  adhesives. 
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A  tapered  double-cantilever  beam  specimen  as  devised  by  Mostovoy 
and  Ripling  (8)  was  used  for  adhesive  evaluations.  Fig.  1  gives  the 
schematic  of  the  specimen  geometry.  The  adherends  were  5086  aluminum 
alloy,  cleaned  by  acid-chromate  etching.  After  the  adhesive  was  applied, 
the  two  aluminum  half  beams  were  clamped  together  with  0.025  cm  Teflon 
spacers,  which  established  the  bond-line  thickness.  The  complete  beam 
assembly  was  then  placed  in  an  air-circulating  oven  for  cure.  Specimens 
were  tested  in  an  IUSTR0N  with  the  crosshead  moving  at  0.125  cm/min 
until  fracture  in  order  to  determine  the  failure  load  P  .  The  adhesive 
fracture  energy  was  calculated  by  using  Eq.  (3). 


UP" 
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Here  h  is  the  beam  height  corresponding  to  the  crack  length,  a,  and  b  is 
the  sample  thickness.  The  advantage  of  the  tapered  double-cantilever  beam 
is  that  the  specimen  may  be  tapered  in  such  a  way  that  the  quantity  in  the 
bracket  of  Eq.  (3)  becomes  a  constant.  The  fracture  energy  therefore  is 
independent  of  the  crack  length,  and  can  be  easily  calculated  once  the 
failure  load  P_  is  known.  The  Young's  modulus  E  in  this  case  is  that  for 


load  P  is  known, 
aluminum. 


The  materials  that  have  been  evaluated  are  briefly  described  in  the 
following : 

(a)  Hexcel  976:  This  resin  is  a  condensation-type polvimide  supplied 
as  a  70#  paste  in  N-methyl-pyrrolidone  (UMP).  The  manufacturer  claimed 
that  this  adhesive  had  high  strength  retention  at  500  F  for  continuous 
service.  The  curing  process  is  quite  complicated  (see  Table  3). 

(b)  HR  602:  The  commercially  available  polyimide  called  Thermid  600 
(formerly  HR  600  developed  by  Hughes  Aircraft  Research,  marketed  by  Gulf 
Oil  Chemicals)  has  been  chemically  modified  by  Hughes  into  this  new 
thermosetting  resin  HR  602.  This  new  polymer  was  reported  as  having  good 
flow-characteristics  and  superior  lap  shear  strength  (9).  Samples  were 
provided  by  the  Hughes  Research  Group  in  both  powder  and  adhesive  prepreg 
forms.  Previous  study  (2)  showed  that  the  acetylene-terminated  polyimid 
(Thermid  600),  although  low  in  fracture  energy  as  typical  of  all  thermo¬ 
setting  polymers,  seemed  to  exhibit  very  good  thermal  stability.  After 
heat-soaking  at  350°  C  for  2^0  hcJhrs,  the  G^c  value  for  this  material 
practically  did  not  change. 

(c)  FM  73:  This  is  the  so-called  PABST  adhesive  of  the  Air  Force,  an 
epoxy-base  material  manufactured  by  American  Cyanamid.  It  was  supplied  as 
a  yellow  adhesive  film  to  be  used  in  conjunction  with  a  primer,  BR-127 . 

(d)  FM  300K:  Also  manufactured  by  American  Cyanamid,  this  adhesive 
was  claimed  to  have  300°F  capability  and  was  considered  for  application 
in  F-18  aircraft.  The  material  was  supplied  as  a  dark  green  adhesive 
prepreg  with  a  polyester  woven  reinforcement. 


Table  3 


-  - 

ADHESIVE 

CURE  SCHEDULES 

Polymer 

Supplier 

Temperature  (°C) 

Time  (min) 

HX  976 

Hexcel 

135 

60  (degas) 

185 

75 

20k 

60 

232 

60 

260 

60 

258 

60 

316 

60 

HR  602 

Hughes 

177 

5  (primer) 

316 

21+0 

FM  300K 

Cyanamid 

121 

30  ( primer ) 

177 

60 

FM  73 

Cyanamid 

121 

60  (primer) 

121 

60 

FM-3^B-l8 

Cyanamid 

285 

90 

C-6PC 

NRL 

220 

1+8  hrs 

C-10PC 

NRL 

220 

1+8  hrs 

C-22PC 

NRL 

200 

2l+  hrs 

C-36PC 

URL 

220 

72  hrs 

Plastilock  655 

Goodrich 

177 

85 

Plastilock  650 

Goodrich 

260 

^5 

Table  3  (Continued.) 
ADHESIVE  CURE  SCHEDULES 


Polymer 

Supplier 

Temperature  (°C ) 

Time  (min) 

LARC-13/AATR 

-  NASA 

70 

30 

125 

60 

175 

30 

200 

15 

235 

15 

SR-5208 

NARMCO 

93 

20  hrs 

121 

180 

IU9 

120 

177 

120 

20U 

2^0 

Upjohn  2080 

Upjohn 

3^0 

20 

Torlon  U000 

Amoco 

188 

30 

NR05oX 

DuPont 

82 

10  (degas) 

316 

120 

P-1700 

Union  Carbide 

260 

10  ( degas ) 

260 

5 

P-1700  (melt) 

Union  Carbide 

371 

5 

*  All  adhesives  cured  at  ca.  0.35  MPa  pressure. 


(e)  FM-3^B-l8 :  This  is  a  polyimide  adhesive  system  from  the 
American  Cyanamid  Company,  claimed  to  retain  high  lap-shear  strength 
for  long  exposure  to  temperatures  up  to  700  F  (3 60°C).  NASA-Langley  is 
studying  this  material  for  possible  applications  in  the  CASTS  (Composites 
for  Advanced  Space  Transport  System)  Program  (10). 

(f)  Plastilock  650  and  655:  Two  nitrile-rubber  phenolic  resins 
from  3.  F.  Goodrich  Company  were  provided  in  the  form  of  thin  sheets  of 
pure  resin  with  no  reinforcements.  Both  adhesives  were  supposed  to 
offer  500°F  (260°C)  capability. 

(g)  SR  5208?  This  epoxy  resin  is  essentially  tetraglycidyl  methylene- 
dianiline  (TGMDA)  cured  with  diaminodiphenyl  sulfone  (DDS)  along  with  some 
minor  constituents.  The  material  was  obtained  from  Narmco  Materials  Inc. 
in  powder  form. 

(h)  LARC-13 / AATR :  This  adhesive  is  a  high  temperature  resin 
developed  by  NASA-Langley.  Basically  it  is  a  polyimide  modified  with 
15 %  in-chain  butadiene-acrylonitrile  elastomer.  The  samples  were 
supplied  by  NASA  both  as  a  50%  solution  in  DMF  and  in  an  adhesive  film 
form.  A  rather  complex  3-staging  cycle  is  required. 

(i)  Phthalocyanines :  Four  amide  type  phthalocyanine  resins  (li), 
containing  6,  10,  22  and  36  carbon  units  in  the  aliphatic  chains  linking 
the  stable  phthalocyanine  nuclei,  were  tested  as  adhesives.  They  were 
designated  as  the  C-6,  C-1C,  C-22  and  C-36  phthalocyanines.  The  resins 
were  applied  by  melting  to  coat  the  adherend  surfaces,  and  specimens  cured 
in  an  oven  according  to  the  specified  cure  cycles  for  each  resin. 

(j)  Torlon  UOQQ  T;  This  is  a  poly  (amide  -  imide)  thermoplastic 
compound  developed  by  the  Amoco  Chemicals  Corporation.  It  has  a  glass 
transition  temperature  T  =  27li°C  as  determined  by  torsion  pendulum 
analysis.  Resin  fracturi  toughness  was  exceedingly  high,  a  G  value 
of  3.9  kJ/m  being  reported  (2). 

(k)  Upjohn  2080 :  This  thermoplastic  polyimide  material  was  supplied 
bv  the  Upjohn  Company  as  a  55%  solution  in  dimethvlformamide  (DMF). 
Characterization  of  the  bulk  polymer  shows  it  to  have  a  T  =  326  C  and  a 
fracture  energy  Gjc  =  0.92  kJ/m  (2). 

(l)  NR  0$6  X:  This  is  a  DuPont  polyimide  adhesive  derived  from 
NR-150  solutions  to  give  a  linear  amorphous  polymer  structure  free  of 
crystallinity  and  cross  linking.  The  material  was  supplied  as  a  concen¬ 
trated  solution  in  DMF. 

(m)  Udel  P1700:  This  thermoplastic  polysulfone  was  manufactured  by 
Union  Carbide  Corp.,  and  was  supplied  as  molding  pellets  and  as  extruded 
sheets  of  various  thicknesses.  For  the  pellets,  DMF  was  used  as  a  solvent 
to  prepare  a  polysulfone  solution  (~10!»)  for  coating  the  adherends .  A  hot 
melt  method  was  employed  in  order  to  use  the  extruded  sheet .  A  thin  strip 
of  Udel  material  was  cut  to  size  and  clamped  between  aluminum  beams.  The 
specimen  was  then  placed  in  an  oven  to  melt  the  thermoplastic  strip  for 
bond  formation. 
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The  cure  cycles  required  for  the  adhesives  are  listed  in  Table  3. 
Manufacturers’  recommended  processing  procedures  were  generally  followed. 

In  some  cases,  the  cure  cycle  was  adjusted  to  available  laboratory 
equipment  capabilities  until  satisfactory  adhesive  bonding  was  achieved. 

This  usually  included  a  visual  inspection  of  the  bond  before  fracture 
test  and  a  microscopic  examination  of  the  fractured  adhesive  surface 
after  the  test  to  ensure  that  the  presence  of  blisters  or  voids  was 
minimized,  and  that  failure  was  of  a  cohesive  type  instead  of  an 
interfacial  fracture.  For  the  thermoplastic  polymers,  when  applied  as 
a  solution  coating,  the  solvent  was  not  completely  released  within  the 
0.025  cm  thick  bond-line.  Numerous  trapped  gas  bubbles  caused  voids  in 
the  adhes’ive  layer.  This  phenomenon  consistently  occurred  even  when  the 
coated  beam  surfaces  were  degassed  before  being  clamped  together.  In  order 
to  alleviate  this  gas  entrapment ,  adhesive  tapes  were  prepared  for  each 
thermoplastic  polymer.  A  low  concentration  solution  (10-35#  solid  content) 
was  first  prepared  by  using  either  DMF  or  NMP  as  the  solvent.  Atomized  #lG0 
aluminum  powder  (Reynolds,  90%  particles  <  13u,  and  5C %  <  7y)  was  added 
to  the  solution,  which  was  warmed  to  ca.  85  C.  The  mixture  was  brushed 
onto  a  piece  of  #112  glass  cloth  with  A1100  (siloxane)  finish.  Finally, 
the  cloth  was  placed  in  an  oven  and  subjected  to  the  time-temperature 
cycles  shown  in  Table  4  to  remove  some  of  the  solvent.  The  end  product 
was  a  dry  adhesive  film  about  0.018  -  0.025  cm  thick.  The  presence  of 
the  glass  cloth  provided  a  path  for  the  release  of  volatiles  during  the 
fabrication  of  the  adhesive  bond  and  minimized  the  formation  of  small 
gas  bubbles  within  the  bond-line. 

Adhesive  fracture  tests  were  performed  both  at  room  temperature 
and  at  225°C.  For  the  high  temperature  tests,  the  specimen  was  mounted 
in  the  INSTR0N  with  an  environmental  chamber,  and  heated  from  room 
temperature  to  225°C  at  a  rate  of  3°C/mih.  The  temperature  was  held  at 
225  C  for  five  minutes  to  ensure  thermal' .equilibrium  before  the  specimen 
was  fractured.  The  room  temperature  test  results  are  given  in  Table  5. 
Materials  are  listed  from  top  to  bottom  in  the  order  of  increasing 
adhesive  fracture  energy.  It  can  be  seen  that  both  the  Plastilock 
adhesives  and  the  PABST  FM-73  epoxy  adhesive  exhibited  very  high 
toughness  (GIc_RT  >  1  kJ/ni  ) .  For  the  acetylene-terminated  polyimide 
(HR  602)  a  G-p0  value  of  815  J/m2  was  measured,  but  the  other 2thermo- 
setting  materials  tested  showed  values  less  than  ^00  J/m  .  For 
the  FM  300K  adhesive  system,  the  fracture  performance  is  so  poor,  that 
one  would  wonder  about  its  application  in  F-l8  aircraft  for  bonding 
graphite  composites  to  titanium. 

The  thermoplastic  polyimides  (Upjohn  2080,  DuPont  NR-056X)  and 
Amoco  Torlon  4000  amide-imide  polymer  showed  a  toughness  similar  to 
that  of  the  thermosetting  LARC-13  adhesive.  A-polysulfone  resin2(Union 
Carbide  Udel  P1700)  gave  the  highest  fracture  energy,  ca.  1  kJ/m  . 

However,  the  adhesive  fracture  energies  measured  here  are  considerably 
lower  than  those  reported  for  bulk  thermoplastic  polymers  (see  Table  l). 

Cne  reason  may  be  related  to  the  bond  fabrication  technique  used  for 
these  adhesives.  The  optimum  processing  conditions  for  these  thermo¬ 
plastic  adhesives  have  not  been  established.  Manufacturer-recommended 
conditions  for  the  extrusion  or  molding  process  require  200-300  psi 
pressure  applied  over  very  narrow  temperature  "windows"  as  high  as 


Table  5 


ROOM  TEMPERATURE  ADHESIVE  FRACTURE  ENERGY 


Thermosets 


Thermoplastics 


GIc-RT 


(J/m2) 


C-6  phthalocyanine 

56 

0-36  phthalocyanine 

63 

NARMCO  SR  5208 

82 

Hexcel  HX  976 

9U 

C-10  phthalocyanine 

124 

Cyanamid  FM-300K  (film) 

Udel  P1700  (melt) 

306 

Upjohn  2080  (film) 

310 

C-22  phthalocyanine 

373 

Cyanamid  FM-34B-18  (film) 

385 

LARC-13/AATR  (film) 

38? 

Torlon  4000T  (film) 

480 

DuPont  NR056X  (film) 

620 

Hughes  HR602  (film) 

815 

Udel  P1700  (film) 

1026 

Plastilock  650  (film) 

1037 

Plastilock  655  (film) 

1513 

Cyanamid  FM-73  (film) 

2107 

MOO  F  (385  C).  These  temperature  and  pressure  requirements  are 
essential  for  achieving  sufficient  melt  flow,  which  has  been  difficult 
to  obtain  when  preparing  an  adhesive  bond  in  the  laboratory.  Further¬ 
more,  since  polymer  solutions  were  used  to  prime  the  specimen  beams  and 
for  impregnating  glass  fabric  to  prepare  an  adhesive  film,  some  volatiles 
released  during  bonding  still  produced  voids  within  the  adhesive  layer. 
Furthermore,  the  presence  of  a  thin  bond-line  may  severely  limit  the 
extent  of  plastic  deformation  at  the  crack  tip  Cl2).  This  could  also 
contribute  to  the  poor  adhesive  fracture  performance  of  thermoplastic 
polymers . 

The  results  from  tests  performed  at  225°C  are  shown  in  Table  6, 
in  which  both  the  adhesive  fracture  energy  G^c  225  an<^  the  retention 

ratio  of  toughness,  G^c  225^Ic  RT’  are  ^s"ted-*  ■^ie  glass -to-rubber 
transition  temperature,  T  ,  for  each  resin  system  is  also  tabulated. 

For  thermosetting  materials,  since  T  depends  on  the  degree  of  cure, 
the  listed  values  indicate  only  the  ipproximate  limiting  use  temperature 
of  the  resin.  For  materials  such  as  epoxies  and  phenolics  (which  have 
T  lower  than  the  test  temperature),  it  is  clear  that  their  toughness 
w§s  lost  rapidly  at  temperatures  higher  than  T  .  In  those  cases,  the 
test  results  show  that  the  retention  ratios  raSge  from  0.01  to  0.32. 

On  the  other  hand,  the  high  temperature  polyimide  resins  remained 
effective,  retaining  ~90%  or  more  of  their  room  temperature  toughness 
values  when  tested  at  225°C. 

SUMMARY 

During  the  course  of  this  program,  work  in  the  Thermomechanical 
Characterization  Task  has  emphasized  the  evaluation  of  the  modulus  and 
fracture  energy  of  various  candidate  resins  suitable  for  applications 
in  advanced  V/STOL  aircraft.  Dynamic  mechanical  analysis  using  a  torsion 
pendulum  led  to  the  determination  of  polymer  glass  transition  temperatures 
and  to  the  conclusion  that  the  dynamic  shear  moduli  of  most  resins 

10  2 

are  at  about  the  10  N/m  level  except  when  the  temperature  is  near  the 
glass  transition  temperature.  Results  of  fracture  characterization 
using  standard  compact  tension  specimens  showed  that  the  thermoplastic 
polymers  have  fracture  energies  10  to  40  times  greater  than  those  of 
the  thermosetting  materials.  Fracture  studies  carried  out  using  an 
epoxy/ graphite  and  a  polysulfone/graphite  composite  system  also  showed 
that  resin  fracture  energy  greatly  affected  the  interlaminar  toughness  of 
composites . 

Thermal  aging  experiments  revealed  that  prolonged  heat-soak  of 
polymers  advanced  the  state  of  cure  and  reduced  polymer  fracture  energy. 
Thermal  aging  was  also  shown  to  increase  the  initial  rate  of  moisture 
uptake  in  polymers  and,  for  thermosetting  polyimides ,  to  cause  an  in¬ 
crease  in  their  equilibrium  absorption  of  water. 

Currently  available  high  performance  adhesives  have  been  evaluated 
for  their  adhesive  fracture  energies  both  at  room  temperature  and 
at  225°C.  The  results  indicate  that  high  resin  toughness  does  not 
necessarily  translate  into  high  adhesive  toughness  and  that  adhesive 
fracture  energy  is  greatly  reduced  at  temperatures  above  the  glass 
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transition  temperature  of  the  polymer.  These  results  indicate  the 
need  for  formulating  new  high  temperature  adhesives  containing  a 
dispersed  econd  phase  that  can  impart  a  toughening  effect  to  the 
brittle  resin. 


P  CONTOURED  TO 
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Figure  1.  Specimen  geometries  for  fracture  toughness  measurements. 

Upper:  Compact  tension  specimen.  Lower:  Tapered  double¬ 
cantilever  beam  specimen. 
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Fracture  Energy,  61.  (kJ/mz) 
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FABRICATION  OF  PHTEALOCYANINE/ GRAPHITE  COMPOSITES 

R.  Y.  Ting  and  H.  C.  Nash 
Polymeric  Materials  Branch 
Chemistry  Division 

INTRODUCTION 

The  objective  of  this  task  has  been  to  develop  fabrication 
conditions  for  the  preparation  of  fiber-reinforced  resin-matrix 
composites  of  interest  to  the  V/STOL  program.  This  involved  first  the 
identification  of  the  critical  steps  and  control  parameters  in  the 
fabrication  process,  and  then  the  fabrication  and  characterization  of 
angle-ply  laminates  prepared  for  testing  in  the  Failure  Criteria  Task. 

Three  composite  systems  have  been  fabricated  in  this  task  for  a 
comparison  study  of  their  mechanical  properties.  The  reinforcement 
selected  was  Thornel  300  graphite  fiber  (T-300,  Union  Carbide).  Three 
different  resin  systems  were  selected  for  this  study:  a  tetraglycidyl 
methylene  dianiline  (NARMCO  5208),  a  bismaleimide  system  (Hexcel 
F-178)  and  the  C-10  phthalocyanine  resin  developed  at  NRL  (l).  The 
fabrication  of  the  composites  involves  a  complex  combination  of 
physical  and  chemical  processes.  Basically,  it  begins  with  the  hand 
lay-up  of  prepreg  plies,  which  is  followed  by  a  consolidation  process, 
properly  designed  cure  cycle,  and  a  post-cure  treatment. 

In  the  case  of  commercially  available  prepreg  systems ,  5208/T-300 
and  F-178/T-300  prepregs  were  obtained  from  the  manufacturers. 

Optimum  cure  cycles  were  developed  by  modifying  the  manufacturer's 
recommended  fabrication  conditions.  Systematic  variations  from  these 
conditions  have  led  to  successful  processing  of  these  materials 
using  equipment  available  in  our  laboratory  (2,3). 

In  this  report,  the  development  of  fabrication  procedures  for  the 
C-10  phthalocyanine/T-300  graphite  composite  is  discussed.  The  bulk 
thermal  properties  and  cure  behavior  of  the  C-10  resin  were  studied  to 
determine  its  potential  in  composite  applications.  Dwell  time,  cure 
temperature,  applied  pressure,  the  type  and  amount  of  bleeder  material 
and  the  design  of  dam  and  vacuum  bag  were  varied  in  order  to  optimize 
the  physical  and  mechanical  properties  of  laminates  produced.  An  aging 
study  of  C-10/T-300  prepregs  was  also  carried  out  to  examine  the  effect 
of  humidity  and  out-time  on  the  processing  behavior  and  the  mechanical 
properties  of  C-10/T-300  composites. 


C-1Q/T-300  Prepreg 

The  chemistry  involved  in  the  synthesis  of  the  phthalocyanine 
polymers  has  been  discussed  previously  (4).  Polymerization  of  C-10 
phthalocyanine  (N,N'-bis(3,4-dicyanophenyl)decanediamide)  is  initiated 
simply  by  heating  the  resin  at  temperatures  above  its  melting  tempera¬ 
ture,  i.e.  above  200°C  (5).  The  "B”  stage  and  post-cure  lead  to  the 
development  of  stable  phthalocyanine  nuclei  linked  through  aliphatic 
diamide  linkages. 

Brief  "B"  staging,  however,  gives  a  liquid  intermediate  state, 
which  can  be  utilized  for  fiber  impregnation.  Depending  on  the  "B" 
staging  temperature  and  the  dwell  time,  the  degree  of  crosslinking 
varies  and  the  oligomers  formed  are  different.  The  resin  melting  point 
at  the  same  time  is  greatly  depressed.  Figure  1  shows  the  melting 
temperature  variation  of  the  C-10  resin  heated  at  220°C  for  different 
periods  of  time.  At  this  temperature,  the  polymerization  reaction 
proceeds  rapidly  and  the  resin  melting  temperature  may  be  reduced  to  as 
low  as  85  C  in  20  minutes.  At  this  stage,  the  material  remains 
sufficiently  fluid  for  proper  prepregging.  Further  heating  may  increase 
the  melt  viscosity  beyond  the  point  at  which  fiber  impregnation  is 
possible. 


Because  the  equipment  necessary  for  large-scale  prepreg  production 
was  not  available  at  URL,  the  prepregging  of  the  C-10/T-300  system  was 
developed  in  collaboration  with  two  commercial  sources:  U.  S.  Polymeric 
and  the  Composite  Division  of  the  Ferro  Corporation.  3oth  the  hot-melt 
prepregging  technique  and  a  resin/ solvent  slurry  technique  were 
demonstrated  capable  of  successfully  producing  12-inch  wide  prepreg 
tapes.  In  the  latter  technique,  dimethylformamide  was  the  solvent 
selected  for  prepreg  preparation,  and  the  final  product  contained 
about  6-8#  volatiles.  The  cure  of  this  material  has  been  studied  (6), 
and  the  results  showed  that  the  added  DMF  solvent  was  difficult  to  remove, 
even  by  extended  staging  under  vacuum.  The  residual  solvent  was  undesirable 
because  it  caused  the  formation  of  voids  and/or  blisters  in  the  laminate 
samples  when  post-cured  at  high  temperatures. 


Prepregs  produced  by  the  conventional  hot-melt  technique  had  a 
resin  content  of  ca.  32#  with  less  than  1%  residual  volatiles.  The 
material  was  shipped  in  rolls,  but  appeared  dry  and  brittle. 

Sufficient  tack,  however,  could  be  developed  by  heating  the  material 
briefly  at  110°C.  The  detailed  analysis  of  this  material  is  discussed 
in  the  following  sections. 


A  Perkin-Elmer  DSC-2  unit  was  used  to  perform  DSC  scans  over  the 
temperature  range  of  310°K  (37°C)  to  500  K  (227°C)  at  a  heating  rate  of 
10QK/min  under  a  dry  nitrogen  atmosphere.  A  DuPont  900  Series  TGA  unit 
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was  used  to  analyze  sample  weight  loss  as  a  function  of  temperature  over 
the  temperature  range  of  20°  C  to  350°C.  The  sample  was  heated  at  a 
rate  of  5  C/min  and  was  continuously  purged  with  dry  nitrogen  at  a  flow 
rate  of  100  ml /min. 

Figure  2  shows  the  results  of  a  DSC  scan  of  the  C-10/T-300  prepreg 
prepared  hy  the  hot-melt  method.  The  trace,  when  compared  with  the 
reference  baseline,  shows  a  multiple  of  endotherm  peaks  at  l44°C,  156°C, 

168  C  and  190  C,  respectively.  The  appearance  of  those  peaks  is  believed 
to  be  related  to  the  melting  of  resin  oligomers  formed  during  prepreg 
manuf acture .  This  multiple  melting  behavior  was  also  observed  in  a  torsion 
braid  analysis  of  this  resin  (7).  The  DSC  trace  shows  no  exotherm,  implying 
that  for  practical  purposes  the  cure  of  C-10/T-300  prepregs  should  be 
carried  out  at  temperatures  higher  than  500°K  (227°C).  However,  a  TGA  study 
of  the  same  prepreg  material  indicated  rapid  weight  loss  takes  place  at 
temperatures  higher  than  275°C.  Previous  study  also  showed  that  the 
cured  C-10  pht halo cyanine  polymer  was  stable  for  extended  usage  up  to 
2l+5  C  and  for  short-term  exposure  at  260°C  (5).  These  results  there¬ 
fore  suggest  that  the  initigl  cure  temperature  for  the  C-10/T-300  pre¬ 
pregs  should  not  exceed  26o°C.  For  extended  post-cure  the  temperature 
limit  is  set  for  2k5°C. 


Dielectric  Analysis 

A  dynamic  dielectric  technique  (8)  was  used  to  monitor  the 
curing  of  prepreg  materials  by  continuously  measuring  sample  capacitance 
and  dielectric  dissipation  factor  (tan  S£)  as  a  function  of  cure  time 

and  temperature.  The  capacitance  is  directly  proportional  to  the  real 
part  of  the  complex  dielectric  permissivity ,  k  ,#whereas  tan  6^  is 
the  ratio  of  the  imaginary  to  the  real  part  of  k  .  This  technique 
is  analogous  to  a  dynamic  mechanical  analysis  in  that  the  capacitance 
corresponds  to  the  mechanical  storage  compliance  and  tan  to  the 
mechanical  loss  tangent  (9).  Therefore,  DDA  results  can  be  related  to 
chemo-rheological  changes  during  the  curing  of  a  thermosetting  system. 

An  Audrey  III  Dielectric  Analyzer  was  used  for  this  work. 

Single-ply  samples,  6.35  cm  in  diameter,  were  covered  with  Kapton 
insulating  films  and  placed  in  the  test  cell  of  a  Di/An  300  mini-press. 
The  cell  was  then  closed  with  a  pressure  of  ca.  0.35  MN/m2  (50  psi)  and 
sample  temperature  brought  up  to  the  cure  temperature  for  isothermal 
cure  study.  Dielectric  dissipation  factor  (tan  5£)  was  continuously 
monitored  as  a  function  of  time  at  a  fixed  frequency  of  103  Hz. 

Figure  3  shows  the  DDA  result  of  the  isothermal  cure  study  for  a 
single-ply  prepreg  sample.  As  the  sample  was  heated,  a  small  tan 
peak  first  appeared  at  ca.  10CTC,  indicating  the  release  of  moisture. 
When  the  temperature  exceeded  200°C,  the  material  quickly  melted  and 
polymerization  of  pht halo cyanine  was  thermally  activated.  This 
resulted  in  a  rapid  increase  of  the  dielectric  dissipation  until  a 
maximum  was  reached,  which  was  believed  to  be  the  gelation  point  (1C). 
The  time  to  gelation  was  determined  at  various  cure  temperatures ,  and 
was  plotted  as  a  function  of  the  inverse  of  temperature  in  Fig.  4.  The 
result  indicated  that  the  gelation  process  followed  an  Arrhenius 


relationship  witlnan  activation  energy  of  1U.95  kcal/mole,  a  value 
comparable  to  that  for  the  epoxies  (ll).  This  suggests  that  the 
processability  of  _C-10  phthalocyanine  is  similar  to  that  of  the 
epoxies. 

Monitoring  the  Press  Cure 

The  dynamic  dielectric  analysis  (DDA)  technique  may  also  be  applied 
to  perform  in  situ  monitoring  of  the  cure  of  large  composite  samples  in 
a  hydraulic  press.  Angle-ply  laminates,  25. k  cm  x  25. H  cm,  were  laid 
up  by  hand  between  two  aluminum  foil  electrodes  with  a  glass  fabric 
dam  around  the  sample.  The  whole  lay-up  was  then  placed  in  a  Kapton 
vacuum  bag  for  press  cure.  Connections  were  made  from  the  foil 
electrodes  to  the  Audrey  III  system,  which  measured  both  the  sample 
capacitance  and  dissipation  factor  as  a  function  of  cure  time  and 
temperature  at  a  fixed  frequency  of  1<j  Hz. 

Figure  5  shews  the  PDA  result  when  this  technique  was  applied 
in  situ  to  the  fabrication  of  a  l6-ply  laminate  sample  in  a  press. 
The^sample,  subjected  to  the  cure  cycle  of  Fig.  5C,  was  cured  at 
260  C.  When  sample  temperature  was  rapidly  raised  to  this  cure 
temperature,  the  dissipation  curve  showed  initially  a  broad  melting 
peak  (Fig.  5A),  followed  by  a  rapid  increase  in  tan  5  to  reach  the 
gel  point.  This  information  was  used  to  determine  the  desired  time 
for  the  application  of  pressure  in  order  to  fabricate  laminates  with 
very  low  void  contents. 

Since  the  prepregs  produced  by  the  conventional  hot-melt  method 
had  only  ca.  32%  resin  content,  an  attempt  was  made  to  increase  laminate 
resin  content  by  adding  resin  powder  to  the  sample.  Initially,  a  pre¬ 
measured  amount  of  raw  resin  was  distributed  uniformly  by  sprinkling 
it  between  plies  as  part  of  the  hand  lay-up  procedure.  However,  upon 
heating  one  observed  an  excessive  amount  of  resin  flow  accompanying 
the  melting,  which  could  not  be  contained  by  the  glass  fabric  dam. 

The  corresponding  dissipation  record  in  Fig.  5B  showed  a  very  pronounced 
melting  peak  in  this  case.  Proper  control  of  resin  flow  is  necessary. 


Samples  of  raw  resin  were  briefly  "3"  staged  in  an  oven  preheated 
to  195°C  for  different  periods  of  time,  and  DSC  scans  performed  on 
each  sample.  Figure  6  shows  the  DSC  records  for  these  samples  performed 
at  a  heating  rate  of  10°K/min  from  310°K  (3T°C)  to  500  K  (227  C) .  -It 
can  be  seen  that  initially  the  resin  had  a  single  melting  peak  centered 
around  l89°C  (U62°K),  but  as  the  sample  was  heated  for  over  10  minutes 
at  195°C,  multiple  melting  peaks  began  to  appear.  Broad  exotherms  were 
also  observed,  indicating  the  presence  of  a  meta-stable,  crystallized 
phase  formed  as  the  sample  was  removed  from  the  oven  and  rapidly 
"quenched"  at  room  temperature.  If  the  cooling  rate  was  reduced,  and 
repeated  DSC  scans  were  taken,  those  exotherms  would  disappear.  As  the 
dwell  time  at  195°C  was  increased  to  55  minutes,  the  melting  tempera- 
ture  was  suppressed  “to  ca.  57  C  (330  K)  with  an  additional,  very  weak 
endetnerm  at  177°C  (1*50°K).  From  Fig.  k  it  may  be  estimated  that  at 
195°C  the  gelation  time  is  over  4  1/2  hours.  So,  even  after  55  minutes, 
the  percent  of  gel  is  negligible.  A  suppression  of  the  melting  • 
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temperature  to  as  low  as  ca.  6o°C  could  be  very  significant  for  future 
prepregging  of  this  material.  The  DSC  record  of  the  20-min.  sample 
compared  favorably  with  that  of  the  C-10/T-300  prepreg.  Therefore 
heating  the  raw  resin  to  be  added  to  a  laminate  at  195°C  for  20  minutes , 
assured  that  the  added  resin  had  thermal  characteristics  similar  to  those 
in  the  prepregs.  Adding  this  preheated  resin  to  the  base  prepreg  resulted 
in  a  press  cure  cycle  which  followed  the  dynamic  dielectric  record  of 
Figure  5A.  With  this  technique,  laminate  resin  contents  were  successfully 
controlled  over  the  range  of  32-1+0$ . 
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Post -Cure  Study 


In  order  to  optimize  laminate  mechanical  properties,  a  proper  post¬ 
cure  for  the  composite  sample  is  required.  Based  on  the  thermal  stabil¬ 
ity  data  for  the  C-10  resin  (5),  jt  was  decided  that  the  post-cure 
temperature  should  not  exceed  2l+5UC. 

Unidirectional  l6-ply  composite  laminates  were  fabricated  and 
specimens  cut  from  the  laminate  for  mechanical  testing.  The  short 
beam  shear  test  (ASTM-D  23bk)  was  chosen  to  determine  the  interlaminar 
shear  strength  (ILSS),  a  resin-dominated  property.  The  flexure  test 
(ASTM-D  790)  was  selected  to  measure  the  laminate  flexural  strength  and 
modulus,  which  are  fiber-doginated  properties.  Before  testing,  speci¬ 
mens  were  post-cured  at  2l+5°C  for  various  length  of  time.  Figure  7 
shows  the  measured  mechanical  properties  as  a  function  of  the  post-cure 
time.  It  is'  clear  that  all  three  properties,  the  flexural  strength 
and  modulus  and  the  ILSS,  showed  optimum  values  when  post-cured  at 
21+5  C  for  72  hours.  Results  of  an  earlier  thermal  aging  study  on  the 
fracture  energy  of  neat  C-10  resins  also  showed  that  C-10  phthalocyanine 
exhibited  maximum  toughness  when  aged  at  2l+0  C  for  ca.  72  hours  (12). 

As  the  post-cure  time  exceeded  72'  hours,  the  mechanical  properties 
decreased  and  eventually  leveled  off,  indicating  that  the  C-10/T-300 
system  is  more  than  adequate  for  1+00-1+50  F  (201+-232  C)  applications. 

For  practical  purposes,  laminates  perhaps  should  be  post-cured  for  60 
to  65  hours  so  that  the  maximum  strength  and  modulus  may'  develop  in  the 
field  as  the  composite  components  continue  to  be  exposed  to  the  thermal 
flux  from  the  environment.  However,  for  laboratory  evaluation  all 
laminates  were  post-cured  at  2l+5°C  for  72  hours  in  order  to  obtain  optimized 
mechanical  properties. 
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Mechanical  Properties 

Sixteen-ply  angle  plies  and  16-ply  quasi-isotropic  laminates  were 
prepared.  Because  the  amount  of  prepreg  material  wag  limited,  the 
angle  plies  consisted  of  only  two  orientations:  +_  15  and  +  !+^.  The 
quasi-isotropic  laminates  had  the  configuration  of-  (90  ,  +"""^5  ,  0  ). 

The  stacking  sequence  is  schematically  shown  in  Fig.  8.  The  mechanical 
response  of  the  laminates  was  evaluated  by  performing  tensile  tests 
using  specimens  10  cm  x  1.25  cm  x  0.2  cm  in  size.  The  specimens  were 
machined  in  such  a  way  that  the  loading  direction  bisected  the  included 
angle  between  fiber  orientations.  All  tests  were  carried  out  in  an 
INSTR0N  with  the  cross-head  moving  at  a  speed  of  0.125  cm/min.  A 
three-point  flexural  test  was  also  performed  in  accordance  with  ASTM-D 
790. 
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Test  results  for  the  C-10/T-300  are  given  in  Table  1,  which  also 
includes  data  for  the  NARMCO  5208/T-300  and  Hexcel  F-178/T-300  com¬ 
posites.  The  C-lO/T-300  system  and  the  F-178/T-300  material  exhibited 
similar  tensile  and  flexural  moduli,  but  in  all  cases,  the  5208/T-300 
composite  showed  higher  strength,  particularly  when  the  fiber  orientation 
was  29=30°.  The  tensile  properties  have  been  plotted  as  a  function  of 
the  included  angle  in  Figs.  9  and.  10  to  show  the  strong  dependence  of 
tensile  properties  on  fiber  orientation..  For  small  0 ,  the  tensile 
properties  are  dominated  by  the  fiber  strength.  As  the  included  angle 
increases,  the  role  of  the  matrix  becomes  increasingly  important  in  its 
contribution  to  the  distribution  of  the  load.  In  those  cases ,  the 
data  clearly  show  that  all  three  systems  are  essentially  equivalent. 

For  the  popular  quasi-isotropic  design  of  laminates,  the  C-10/T-300 
composite  also  showed  very  excellent  strength  property,  with  higher 
tensile  modulus  than  the  other  two  systems.  All  laminate  thicknesses 
were  ca.  0.0125  cm/ply  and  resin  contents  ranged  from  ca.  30#  for  the 
5208/T-300  laminates  to  ca.  38#  for  the  C-10/T-300  and  the  F-178/T-300 
laminates . 

Prepreg  Aging  Study 

As  fiber-reinforced  composite  materials  become  increasingly 
important  in  aerospace  applications,  the  storage,  handling  and 
processing  of  composite  prepreg  materials  are  receiving  greater 
attention.  A  major  difficulty  in  handling  many  prepregs  is  that  the 
material  must  be  stored  at  very  low  temperatures.  The  shelf  life  of 
these  prepregs  is  generally  only  a  few  months  at  freezer  temperatures, 
and  very  much  less  (ca.  a  few  weeks)  at  room  temperature.  Presumably, 
continued  3-staging  occurs  at  room  temperature  while,  at  the  same 
time,  the  resin  may  be  affected  chemically  by  absorbing  moisture  from  the 
atmosphere.  An  aging  study  of  the  F-178/T-300  prepregs  was  carried  out 
earlier,  and  the  result  indeed  showed  that  room  temperature  aging 
greatly  affected  the  processing  properties  and,  consequently,  the 
laminate  mechanical  properties  of  that  material  (6). 

The  C-10  phthalocyanine  resin  differs  greatly  from  other  thermo¬ 
setting  materials  such  as  epoxy  and  polyimide  in  this  respect.  The 
material  is  practically  inert  at  room  temperature,  and  the  polymeriza¬ 
tion  is  activated  simply  by  staging  the  resin  at  a  temperature  higher 
than  its  melting  temperature  without  any  catalytic  action.  Therefore, 
the  material,  both  in  resin  and  in  prepolymer  form,  should  exhibit  very 
good  room-temperature  stability.  A  28-week  prepreg  aging  study  was  thus 
carried  out  to  demonstrate  this  point. 

The  C-10/T-300  prepreg  material  was  cut  into  15.2  cm  x  15-2  cm 
sheets ,  and  stored  at  room  temperature  in  two  separate  environmental 
chambers,  controlled  at  l6#  and  95#  relative  humidity,  respective¬ 
ly.  At  the  end  of  every  four-week  period,  material  was  removed  and  a 
l6-ply  laminate  fabricated  on  the  same  day.  Test  specimens  were  cut 
from  the  laminate  and  their  flexural  and  shear  properties  evaluated 
according  to  ASTM-D  790  and  ASTM-D  23^1*,  as  described  earlier.  Fig.  11 
shows  the  short-'oeam  shear  strength  (SBSS)  of  unidirectional  C-10/T-300 
composites,  a  resin-dominated  property,  as  a  function  of  the  aging 
period  in  weeks.  It  is  clear  that  over  the  28-week  period  laminate 
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shear  strength  showed  almost  no  change,  confirming  that  room  temperature 
aging  up  to  28-weeks  had  not  caused  any  chemical  degradation  or  affected 
the  processability  of  the  C-10/T-30Q  prepreg  system. 


SnTTrmary 

The  C-10  phthalocyanine  resin  has  been  shown  to  be  a  potential 
matrix  material  for  advanced  composites.  This  polymer  exhibits  long¬ 
term  stability  at  temperatures  up  to  2l*5°C  (5),  and  its  moisture  uptake 
is  less  than  that  of  epoxies  or  polyimides  (6) . 

The  phthalocyanine  reaction  can  be  induced  to  proceed  under  less 
severe  thermal  and  catalytic  conditions  than  those  required  for  the 
acetylene  reaction  00.  Upon  melting,  the  resin  flows  readily  and 
successful  prepregging  has  been  demonstrated  using  the  conventional 
hot-melt  technique  and  the  solvent /slurry  method.  The  resin  monomer 
represents  a  chemically  simple  and  pure  system  for  easy  quality  con¬ 
trol  when  compared  with  the  complex  formulations  of  other  systems  such 
as  epoxies  (See  Chemical  Characterization  Task). 

Instrumental  techniques  including  DSC,  TGA  and  DDA  have  been 
developed  for  identifying  necessary  processing  parameters  for  the 
development  of  fabrication  procedures  for  the  C-10  resin  system. 

The  processability  of  C-10  phthalocyanine  is  shown  to  be  similar  to 
that  of  conventional  epoxies.  The  combined  application  of  DSC  data 
and  in  situ  DDA  during  a  press  cure  has  proved  to  be  a  useful  technique 
in  controlling  laminate  resin  content  when  additional  resin  needs  to  be 
added  to  the  sample  lay-up. 

Mechanical  properties  have  been  determined  in  both  tensile  and 
flexural  tests  for  the  C-10/T-300  system,  which  are  comparable  with 
those  of  the  5208/T-300  and  the  F-178/T-3QQ  composites.  With  the 
quasi-isotropic  design  for  the  laminates,  the  C-10/T-300  samples  even 
showed  better  properties  than  the  others. 

A  28-week  prepreg  aging  study  at  room  temperatures  confirmed 
that  exposures  to  either  a  high  or  a  low  humidity  environment  at  room 
temperatures  caused  no  chemical  degradation  or  changes  in  the 
processability  of  C-10/T-300  prepreg. 


Melting  temperature  ot  C-10  resin  as  a  function  of  dwell  time  at 


Flexural  Modulus  (x10d  psi.  A) 


Stacking  sequence  of  angle-ply  and  quasi-isotropic  laminates 
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INTRODUCTION 

This  task  deals  with  the  development  of  failure  criteria  for  structural 
composites,  using  resin  matrices  discussed  in  the  prior  tasks,  and  the  demon¬ 
stration  of  the  applicability  of  these  criteria  in  structural  components.  Pre¬ 
vious  aspects  of  this  task  were  reported  in  prior  publications  (1,  2,  3) . 
Fracture  tests  are  being  conducted  on  small  test  coupons  in  a  unique  in-plane 
loader  developed  at  NRL.  A  large  base  of  experimental  data  is  obtained  under 
complex  loads  to  simulate  service  conditions.  A  concept  of  similar  strain 
fields  was  developed  for  predicting  failure  in  structures,  based  on  data  obtain¬ 
ed  on  test  coupons  in  the  in-plane  loader,  as  described  in  the  second  annual 
report  (2).  This  concept  states  that  if  the  strain  field  in  the  region  of 
interest  in  the  structure  is  similar  to  that  previously  observed  in  a  test 
coupon,  the  loads  that  caused  failure  initiation  in  the  test  coupon  will  also 
cause  failure  in  the  structure.  Several  tests  were  reported  which  demonstrated 
the  validity  of  this  prediction  technique.  Results  reported  in  this  section 
include  extensive  fracture  tests  on  graphite  fiber  composites  of  varying  re¬ 
inforcement  angles  and  under  a  broad  range  of  in-plane  loads.  Three  resin 
systems  were  used  as  matrices  —  an  epoxy,  a  bismaleimide,  and  an  experimental 
phthalocyanine  resin.  Fracture  tests  were  conducted  at  room  temperature  and  at 
450°F  (232°C) . 

TEST  DETAILS 

In-Plane  Loader 

The  tests  were  conducted  on  an  in-plane  loader  developed  at  the  Naval 
Research  Laboratory  (Figure  1).  Three  independent  computer-controlled  hy¬ 
draulic  actuators  are  connected  to  a  movable  head.  By  programming  predetermined 
displacements  to  each  actuator,  combinations  of  horizontal  displacements  (in¬ 
plane  shear),  vertical  displacements  (tension  or  compression)  and  rotational 
displacements  (in-plane  bending)  can  be  applied  to  a  test  specimen  through  the 
movable  head  (Figure  2).  A  single- edge -notch  specimen  is  used,  1  in.  x  1.5  in. 
x  0.1  in.  (25  nra  x  38  mm  x  2  mm)  with  a  notch  0.6  in.  (15  mm)  long  parallel  to  the 
1-inch  dimension.  The  specimen  is  held  by  a  pair  of  hydraulically-controlled 
grips  in  which  the  clamping  pressure  is  programmed.  One  grip  is  attached  to  the 
movable  head,  and  the  other  to  a  fixed  head.  The  specimens  are  removed  from  a 
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loading  magazine  and  inserted  in  the  grips  by  a  mechanical  feeding  device. 
Initial  data  regarding  specimen  geometry,  such  as  notch  location,  is  obtained 
via  a  digitized  video  picture  of  the  specimen  in  the  grips  and  the  data  is  then 
stored  in  a  computer.  A  computer  system  is  interfaced  with  these  components  and 
controls  the  tests,  gathering  the  specimen  geometry  data,  controlling  the 
pressure  in  the  grips,  loading  the  specimen  in  a  prescribed  proportional  loading 
path  and  gathering  and  storing  data  on  force  and  displacement.  Force  and 
displacement  are  measured  50  times  during  each  15-second  test. 

From  the  load  and  displacement  data,  one  can  calculate  the  energy  absorbed 
by  the  specimen.  Initially  there  is  a  linear  relation  between  load  and  dis¬ 
placement.  Then  non-linear  behavior  is  observed.  If  one  subtracts  the  linearly 
recoverable  energy  from  the  energy  supplied  to  the  specimen,  one  obtains  a 
measure  of  the  non-linear  energy  absorption  or  the  dissipative  energy  (Figure 
3).  The  point  at  which  non-linearity  is  first  exhibited  is  defined  as  the  point 
of  fracture  initiation. 

Plots  of  the  displacement,  load  and  dissipated  energy  versus  time  are 
presented  in  Figure  4.  From  the  time  at  which  non-linearity  is  first  observed, 
one  can  determine  the  corresponding  load  and  displacement,  which  are  called  the 
critical  load  and  displacement  or  that  necessary  to  initiate  failure.  One  can 
also  determine  the  maximum  load  the  specimen  supports  during  the  test.  All 
three  of  the  these  parameters  can  be  presented  as  measures  of  "fracture  tough¬ 
ness". 

A  plot  of  critical  displacement  is  shown  in  Figure  5,  in  spherical  coordi¬ 
nates  mapped  onto  a  cartesian  reference  frame  for  one  octant  of  load  space. 
This  figure  also  shows  the  relation  between  the  components  of  shear,  tension  and 
bending  applied  to  the  specimen,  dQ,  d^^  and  d2,  respectively,  and  the  spherical 
coordinates,  9^,  9  and  r  used  to  represent  the  fracture  surface.  The 
results  represent  tne  conditions  for  failure  initiation  for  a  broad  range  of 
complex  loading  conditions  and  reflect  the  complexity  of  the  failure  process  in 
composites. 

The  data  needed  to  define  the  conditions  for  failure  initiation  are  the 
horizontal,  vertical,  and  rotational  displacements  or  loads,  and  a  measure  of 
the  toughness.  In  order  to  present  the  data  pictorially  as  a  graph,  only  three 
variables  can  be  used.  Therefore,  the  horizontal  and  vertical  displacements  are 
combined  as  a  ratio  0^.  Thus  the  positive  X-axis  represents  the  ratio  of 
tension  to  shear,  while  the  negative  X-axis  represents  the  ratio  of  compression 
to  shear.  The  data  is  presented  for  four  octants  of  load  space  (Figure  6),  in 
which  the  shear  is  positive.  In  the  other  four  octants,  the  shear  would  be 
negative,  but  this  is  the  same  as  positive  shear  for  the  specimen  used.  Each 
vertical  line  in  Figure  6  represents  the  results  of  a  single  test.  The  re¬ 
producibility  of  the  data  is  obvious.  If  one  joins  the  data  points,  a  surface 
is  formed  as  shown  in  Figure  7.  If  one  varies  the  reinforcement  included  angle, 
a  series  of  surfaces  is  obtained,  as  shown  in  Figure  8.  If  instead  of  using 
critical  displacement  as  the  toughness  parameter,  one  uses  maximum  load,  a 
failure  surface  is  obtained  which  is  somewhat  similar  in  shape  to  that  for 
critical  displacement  (Figure  9). 
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Materials 


Tests  were  conducted  to  compare  the  fracture  behavior  of  graphite  fiber 
composites  made  with  three  different  resins  —  Narmco  5208  epoxy  resin,  Hexcel 
F178  bismaleimide  resin,  and  a  phthalocyanine  resin  (C-10)  developed  at  NRL. 
These  resins  and  the  laminate  fabrication  procedures  are  described  in  a  prior 
section  and  in  the  previous  reports  (1,  2,  3). 

The  crossply  laminates  were  made  using  Union  Carbide  Thornel  T300  graphite 
fibers.  Tests  were  conducted  at  room  temperature  on  T300/5208  laminates  having 
reinforcement  included  angles  of  30°,  60°,  75°,  90°,  105°,  120°,  135°,  and 
quasi-isotropic  (0°,  +45  ,  90°);  T300/F178  laminates  having  reinforcement 
included  angles  of  30°,  45°,  60°,  75°,  and  quasi- isotropic  (0^  +45^,  90°) ;  and 
T300/C-10  laminates  having  reinforcement  included  angles  of  30°,  90°,  and  quasi¬ 
isotropic  (0°,  +45°,  90°). 

Tests  were  also  conducted  at  450°F  ^232°C)  on  T300/S208  laminates  having 
reinforcement  included  angles  of  45°,  60°,  75°,  90°,  and  quasi- isotropic  (0°, 
+45°,  90°);  T300/F178  laminates  having  reinforcement  included  angles  of  30°, 
45°,  60°,  75°,  90  ,  and  quasi- isotropic  (0°,  +45°,  90°);  and  T300/C-10  laminates 
having  reinforcement  included  angles  of  30°,  90°,  and  quasi-isotropic  (0°, 
+45°,  90°). 

The  450°F  tests  were  conducted  by  heating  the  specimens  for  1  hour  in  an 
oven  at  450°F,  placing  them  in  the  loading  magazine  over  which  a  heating  unit  is 
placed  which  maintains  the  temperature  at  450°F,  and  then  placing  each  specimen 
in  the  hydraulic  grips  using  a  heated  pair  of  forceps  which  remain  in  place  just 
above  and  below  the  specimen  during  the  test  to  reduce  cooling  by  the  specimen 
during  the  test.  The  testing  cycle  takes  15  seconds.  Tests  were  also  conducted 
on  T300/5208  composites  after  24  hours  heating  in  the  oven  at  450°F. 

RESULTS 


General 


The  complexity  of  the  fracture  process  in  fiber-reinforced  composites  is 
apparent  from  the  complex  failure  surfaces  previously  presented.  The  "fracture 
toughness"  depends  on  the  loading,  the  reinforcement  angle,  and  the  failure 
criterion  used.  Thus  comparing  the  toughness  of  two  composites  is  extremely 
complex.  It  becomes  a  matter  of  comparing  several  surfaces  or  a  large  number  of 
points.  It  is  difficult  to  express  such  a  comparison  in  a  simple  manner.  The 
more  detailed  the  comparison,  the  more  complex  is  the  expression.  The  simpler 
the  comparison,  the  less  detailed  it  is.  The  data  obtained  during  the  course  of 
each  test  is  stored  in  a  computer.  It  is  not  necessary  to  present  the  data  as 
graphs  or  failure  surfaces  to  use  it  in  predicting  the  fracture  behavior  of  a 
structural  component.  Such  figures  are  useful  for  visualization  but  not  neces¬ 
sary  for  utilization.  In  order  to  compare  the  data  obtained  in  this  study,  it 
will  be  necessary  to  simplify  the  representation. 

For  each  of  the  composites,  a  series  of  plots  were  prepared  expressing  the 
data  as  shown  in  Figure  6.  However,  it  is  difficult  to  compare  several  such 
sets  of  data.  Therefore,  the  first  simplification  was  made  by  taking  a  slice 


through  each  failure  surface  such  as  Figure  9  at  a  single  value  of  9  ,  and 
then  plotting  these  slices  as  a  function  of  the  reinforcement  included  angle,  as 
shown  in  Figure  10  for  9*0  (no  in-plane  rotation).  This  is  for  the 
T300/5208  laminate  with  a  7^inforceraent  included  angle  of  60°.  Obviously,  any 
conclusions  drawn  apply  to  the  conditions  shown  only.  The  same  procedure  could 
be  followed  for  other  values  of  9..  This  is  part  of  the  complexity  of  the 
process  of  comparing  the  failure  behavior  of  different  composites. 

T300/5208  Laminates 


The  room  temperature  tests  (Pigure  10)  were  first  compared  with  those 
conducted  at  450°p  after  1  hour  heating  at  the  elevated  temperature  (HI)  (Figure 
11) .  The  comparisons  could  be  made  for  reinforcement  included  angles  ( a  )  of 
60°,  75°,  90°,  and  quasi-isotropic  (0°,  +45  ,  90  ) .  Comparisons  were  made  using 
as  criteria  the  load  at  which  failure  initiated  and  the  maximum  load  the  speci¬ 
men  supported.  A  simplified  comparison  plot  is  shown  in  Figure  12.  The 
specimens  tested  at  450°F  exhibited  toughness  values  that  were  close  to  those 
obtained  at  room  temperature.  In  some  cases,  there  was  no  significant  differ¬ 
ence  between  the  two.  In  most  cases,  however,  the  specimens  tested  at  450° 
exhibited  slightly  reduced  toughness  values,  usually  no  more  than  about  25 
percent  less  than  the  room  temperature  values.  In  a  few  cases,  the  values  were 
as  much  as  50  percent  less.  Overall,  the  specimens  exhibited  significant 
fracture  toughness  at  450°.  The  results  are  somewhat  surprising  since  5208 
resin  composites  are  generally  considered  as  not  being  useable  over  300°F 
(149 °C) .  To  further  evaluate  the  behavior  of  the  5208  epoxy  at  elevated  temper¬ 
ature,  specimens  were  heated  for  24  hours  at  450°F  before  testing  at  that 
temperature  (Figure  13).  The  results  duplicated  those  obtained  after  one  hour 
heating.  There  was  no  significant  difference  between  the  two  elevated  tempera¬ 
ture  tests  (Figure  14) .  The  reproducibility  of  the  testing  process  is  apparent 
from  this  data. 

T300/F178  Laminates 

The  results  of  ^ie  room  temperature  tests  (Figure  15)  were  compared  with 
those  obtained  at  450  F  after  one  hour  exposure  at  that  temperature  (Figure  16) . 
Comparisons  were  made  for  reinforcement  included  angles  of  30°,  45°,  60°,  75 
and  quasi- isotropic  (0°,  +45  ,  90°) .  Again  the  comparisons  were  made  using  as 
criteria  the  load  at  which  failure  initiated  and  the  maximum  load  the  specimen 
supported.  For  most  of  the  panels  tested,  the  data  obtained  at  the  elevated 
temperature  was  slightly  less  than  that  obtained  at  room  temperature  (Figure 
17). 


T300/C-10  Laminates 

The  C-10  material  was  tested  in  panels  having  reinforcement  included 
angles  of  30°  and  90°  (Figures  18  and  19),  along  with  quasi- isotropic  (0°,  +45°, 
90°).  The  material  tested  at  450°F  had  a  slightly  lower  toughness  than  the 
material  tested  at  room  temperature  in  most  cases  (Figure  20) ,  but  slightly 
higher  in  some  others,  mainly  for  the  quasi-isotropic  material  under  tensile 
loading. 
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Comparison  of  Materials 

As  pointed  out  previously,  to  express  the  relative  fracture  toughness  of 
two  composites  in  relatively  simple  terms,  it  is  necessary  to  simplify  the  data, 
because  of  the  complex  nature  of  the  failure  process.  The  first  simplification 
in  comparison  of  the  data  obtained  in  this  investigation  involved  taking  slices 
of  failure  surfaces  at  9^  *  0,  meaning  no  in-plane  rotation,  and  plotting 
these  slices  as  a  function  of  reinforcement  included  angle.  This  is  done  for 
the  three  materials  at  room  temperature  for  several  included  angles  (Figure  21) . 
The  data  shows  that  there  is  little  difference  in  the  in-plane  fracture  tough¬ 
ness  of  the  three  materials  at  room  temperature.  Similar  data  for  tests  con¬ 
ducted  at  450°F  (Figure  22)  also  shows  little  difference  in  composites  made  from 
these  three  resins. 

A  second  simplification  can  be  made  by  taking  only  one  reinforcement 
included  angle  and  plotting  this  data  for  the  three  materials.  The  room 
temperature  data  is  shown  in  Figure  23  for  an  included  angle  of  90  .  Un¬ 
fortunately,  there  was  no  data  at  room  temperature  for  all  three  materials  for  a 
single  reinforcement  angle.  This  data  again  shows  little  difference  at  room 
temperature  between  5208  and  C-10  composites  having  the  reinforcement  included 
angle  of  90°.  The  data  obtained  at  450°F  is  shown  in  Figure  24  and  again  shows 
little  difference  between  the  three  materials.  Comparison  of  Figures  23  and  24 
shows  little  difference  between  roan  temperature  and  450°F  for  the  90°  lami¬ 
nates,  with  no  in-plane  rotation  (B^  *  0). 

The  quasi -isotropic  material  did  not  lend  itself  to  the  data  representa¬ 
tion  shown  in  Figures  10  to  22  for  various  reinforcement  included  angles.  The 
room  temperature  data  for  the  quasi  materials  at  ©2  »  0  is  shown  in  Figure  25. 
There  is  some  difference  exhibited  by  the  three  materials.  The  elevated  temper¬ 
ature  data  is  shown  in  Figure  26.  There  is  little  difference  between  the 
materials  under  tensile  loading,  but  under  compression  loading  the  C-10  lami¬ 
nates  again  showed  slightly  lower  properties.  Comparing  these  two  figures, 
there  is  little  difference  between  room  temperature  and  elevated  temperature 
behavior,  except  that  the  C-10  material  exhibited  improved  properties  at  the 
elevated  temperature  under  tensile  loading.  One  must  always  keep  in  mind  that 
these  comparisons  represent  a  simplification  of  the  data. 

SUMMARY  AND  CONCLUSIONS 


1.  Comprehensive  data  characterizing  the  failure  behavior  of  fiber-reinforced 
composites  is  quite  complex.  It  cannot  be  represented  by  the  usual  methods 
—  a  simple  equation  or  simple  graph.  Automated  techniques  are  needed  to 
analyze  and  utilize  the  data  properly.  As  was  apparent  in  this  report,  it 
is  necessary  to  simplify  the  data  to  discuss  it  or  compare  it  using  conven¬ 
tional  methods. 

2.  For  the  range  of  resins  studied  in  this  investigation  —  a  standard  epoxy,  a 
bismaleiraide,  and  a  phthalocyanine  —  there  is  little  difference  in  the  in¬ 
plane  fracture  toughness  of  composites  made  with  these  resins  at  room 
temperature  and  at  elevated  temperature.  Composites  exhibit  significant 
in-plane  fracture  toughness  at  temperatures  significantly  higher  than  what 
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is  considered  to  be  the  maximum  use  temperature  of  the  resin  matrix.  These 
observations  indicate  that  the  in-plane  fracture  toughness  of  fiber-rein¬ 
forced  composites  is  dominated  by  the  fiber  and  that  significant  varia¬ 
tions  in  matrix  properties  have  little  effect. 
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Figure  1  Schematic  diagram  of  the  in-plane  loader 


BENDING 


Figure  2  Displacements  produced  by  the  in-plane  loader 


Figure  4  Plots  of  data  obtained  during  in-plane  loader  test  -  displacement 
load,  and  energy  loss  versus  time 
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Series  of  failure  surfaces  for  different  reinforcement  included 


T300/5208  (60°) 


Failure  surface  for  composite  based  on  maximum  load 


inforceraent  included  angles 


Figure  12  Comparison  of  room  temperature  (RT)  and  450  F  (232  C)  (HI)  data  for 
T300/5208 


Figure  14  Comparison  of  failure  surfaces  of  T300/5208  at  450  F  (232  C);  HI 
after  heating  1  hour;  H24,  after  heating  24  hours 


Figure  15  Failure  surface  for  T300/F178  at  room  temperature  for  different 
reinforcement  included  angles,  0=0 


T300/F178 


temperature  (RT)  and  450  F  (232  C)  (HI)  failure 


T300/C10 


Figure  20  Comparison  of  room  temperature  (RT)  and  450°F  (232°C)  (HI)  failure 
surfaces  for  T300/C10 


T300/F178,  and  T300/C10 


Comparison  of  450  F  (232  C)  failure  curves  for  T300/5208 
T300/F178,  and  T300/C10,  =  0,  reinforcement  included  angle 
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Figure  25  Comparison  of  room  temperature  failure  curves  for  T300/5208 
T300/F178,  and  T300/C10,  0_  =  0,  reinforcement  angle  =  (0°,  +45° 


RADIATION  CURING  STUDIES  CONDUCTED  AS  FOLLOW-ON  TO  THE  V/STOL 

PROGRAM  INITIATIVE 

F.  J.  Campbell,  L.  M.  Johnson  and  J.  S.  Burr 
Radiation-Matter  Interactions  Branch 
Condensed  Matter  and  Radiation  Sciences  Division 

Introduction 

Two  of  the  studies  on  radiation  cured  adhesives  that  were  initiated 
during  the  V/STOL  Program  were  expanded  in  a  follow-on  program  in  the 
Radiation  Sciences  Subelement,  Task  Area  on  Radiation  Applications.  This 
program  is  providing  more  detailed  thermal  characterization  of  cured 
materials  and  greater  insight  on  processing  variables  which  could  be  applied 
to  further  improve  material  properties.  One  study  has  utilized  a  dynamic 
thermal  analysis  method  for  characterizing  and  defining  the  high  temperature 
limits  of  cured  adhesive  and  composite  polymer  formulations.  The  other  study 
has  illustrated  how  temperature  control  during  the  irradiation  process  can 
affect  the  fracture  toughness  of  the  cured  adhesive  material. 

Characterization  of  Adhesives  by  Dynamic  Mechanical  Thermal  Analysis 

The  relative  temperature  stabilities  of  three  adhesive  formulations 
were  presented  in  an  early  V/STOL  report  (1).  Each  adhesive  was  prepared  by 
the  addition  of  a  vinyl-reactive  monomer  to  the  base  resin,  Epocryl  12,  a 
commercial  acrylic-modified  epoxy.  The  monomers,  listed  in  increasing 
number  of  functional  vinyl  groups  per  molecule,  are:  styrene  (STY),  diallyl 
phthalate  (DAP)  and  triallyl  cyanurate  (TAC) .  The  formulations  were  applied 
as  adhesives  in  aluminum  single  lap-shear  strength  specimens  which  were 
cured  by  irradiating  with  a  high  energy  electron  beam.  The  specimens  were 
pulled  at  a  series  of  elevated  temperatures  to  obtain  data  of  strength  vs. 
temperature  at  discrete  points  of  115°,  150°,  200°,  and  260°.  Curves 
plotted  through  these  points  gave  a  visual  comparison  of  the  temperature 
stabilities  of  these  adhesives  (1) . 

Using  a  DuPont  Dynamic  Mechanical  Analyzer  (DMA) ,  it  is  possible  to 
obtain  a  continuous  scan  of  Young’s  modulus  vs.  temperature  for  the 
radiation  cured  resins.  The  instrument  utilizes  a  thin  rectangular  specimen 
for  the  analysis,  hence  specimens  can  be  cut  from  blocks  or  from  molded 
sheets.  In  this  case  the  specimens  were  molded  sheets  of  resin  with 
graphite  supporting  fibers  imbedded  in  the  resin,  simulating  a  graphite/ 
polyester  composite.  The  same  three  formulations  used  in  the  lap-shear 
strength  study  were  prepared  as  composites  with  a  woven  cloth  of  T300-3000 
graphite  fiber  and  cured  with  the  same  dose  of  electron-beam  radiation,  100 
kilograys.  Modulus  vs.  temperature  scans  were  performed  over  the  temperature 
range  of  -100  to  +400°C  by  the  DMA  method.  The  three  scans  are  plotted  on 
the  same  graph  of  Young's  modulus  vs.  temperature  in  Figure  1.  Superimposing 
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the  lap-shear  strength  data  over  the  Young's  modulus  curves  on  the  same 
temperature  scale  shows  that  the  same  order  of  temperature  stability  was 
obtained  by  the  DMA  method  on  composite  specimens  as  was  determined  on  the 
adhesive  specimens.  That  is,  in  order  of  temperature  stability,  the  monomers 
to  be  used  for  maximum  temperature  service  are:  DVB,  TAC  and  STY.  In 
addition,  the  DMA  method  of  analysis  provides  more  information  since  it 
shows  the  temperature  at  which  the  cured  adhesive  or  composite  material 
begins  to  lose  strength  and,  thus,  gives  an  actual  value  for  the  limiting 
service  temperature. 

Effect  of  Internal  Temperature  Reached  During  Irradiation  on  Fracture 
Toughness  of  a  Commercial  Adhesive 

In  the  other  follow-on  study  initiated  during  the  V/STOL  Program,  the 
fracture  toughness  of  an  electron-beam  cured  modified  polyimide  adhesive  was 
determined  as  a  function  of  the  internal  temperature  reached  during  the 
radiation  cure.  This  material,  Loctite  LO-559,  is  a  formulation  containing 
a  bismalimide,  a  urethane  methacrylate,  an  inert  filler  and  a  peroxide  (2). 

It  is  an  experimental  adhesive  product  intended  for  heat  curing  in  normal 
adhesive-bonding  applications.  The  initial  study  demonstrated  that  electron- 
beam  curing  to  the  optimum  dose  would  produce  higher  values  of  lap-shear 
strength  and  fracture  energy  than  could  be  obtained  by  heat  curing  at  the 
recommended  cycle  of  60  min.  at  150  C  (3). 

The  temperature  rise  occurring  in  a  material  or  a  system  of  materials 
during  irradiation  is  a  result  of  the  transformation  of  a  major  portion  of 
the  absorbed  radiation  energy  into  thermal  energy  within  the  material.  The 
actual  temperature  reached  is  then  a  function  of  the  integral  absorbed  dose, 
the  dose-rate,  specific  heat  of  the  irradiated  materials,  and  the  thermo¬ 
physical  characteristics  of  the  materials  and  the  surrounding  media.  Under, 
completely  adiabatic  conditions  the  temperature  rise  in  a  uniform  material 
is  expressed  as; 

AT  =  ■Q-,-2-4P 

c 

where  T  is  in  degrees  Celsius,  D  is  in  kilograys  (kGy) ,  and  c  is  the  specific 
heat. 

Thus,  a  uniformly  absorbed  dose  of  10  kGy  (1  Mrad)  would  raise  the  tempera¬ 
ture  of  water  by  2.4°C,  or  of  polyethylene  (c  *  0.5)  by  4.8°C.  The  internal 
temperature  rise,  AT,  of  other  materials  would  likewise  be  in  proportion 
to  their  specific  heats.  Introduction  of  mineral-type  fillers  would  somewhat 
increase  the  temperature  rise  of  a  compound  due  to  the  relatively  low  values 
of  specific  heat  of  these  materials.  Additional  specimen  heating  may  also 
occur  as  a  result  of  the  chemical  crosslinking  reaction  if  it  is  an  exothermic 
process.  Application  of  cooling  methods  and  surface  interface  characteristics 
controlling  the  heat  dissipation  from  the  specimen  make  the  thermal  balance 
calculations  rather  complex.  Therefore,  direct  measurements  of  temperatures 
by  a  thermocouple  implanted  into  a  representative  specimen  are  normally 
more  accurate  than  can  be  determined  by  calculation. 

During  the  irradiation  of  experimental  specimens  it  was  observed  that 
each  system  reached  an  equilibrium  temperature  which  was  a  function  of  the 
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dose-rate  and  the  heat  dissipation  rate.  In  these  experiments  the  specimen 
rested  on  a  large  aluminum  block  which  removed  heat  by  conduction,  and  a 
nearby  blower  forced  air  across  the  top  to  remove  heat  by  convection.  The 
fracture  energy  specimens  were  formed  as  planchets,  5-cm  in  diameter  by 
approximately  0.4-cm  thick,  by  pouring  the  fluid  adhesive  material  into 
aluminum  cylindrical  bowls  prior  to  curing.  The  electron-beam  radiation 
cured  specimens  were  machined  into  compact  tension  specimens  for  measurement 
of  fracture  energy  by  the  method  described  by  Bascom,  et  al.  (4).  Tempera¬ 
ture  during  the  cure  was  controlled  on  three  different  sets  of  specimens  by 
varying  the  heat  dissipation  procedure  to  obtain  a  maximum  temperature-during- 
cure  of  38°C,  90°  and  110°C.  Data  of  fracture  energy  versus  dose  were  then 
plotted  (Figure  2)  for  each  set  of  specimens  (the  mean  of  five  specimens  was 
used  for  each  point) .  The  one  data  point  at  zero  dose  was  obtained  by  oven 
curing  the  specimens  for  60  min.  at  110°C. 

These  plots  of  isothermal  cures  show  clearly  that  fracture  energy 
decreased  markedly  for  this  material  with  increasing  temperature  reached 
during  irradiation.  Thus,  keeping  the  material  cooled  to  limit  the 
temperature  to  38°C  during  irradiation  resulted  in  values  of  fracture  energy 
in  the  range  of  1120  J/m  .  When  the  temperature  was  increased  to  110°C  by 
removing  the  cooling  air  and  warming  the  aluminum  block,  the  fracture  energy 
deteriorated  to  approximately  100  J/m  .  For  this  adhesive,  at  least,  it 
appears  advisable  to  apply  cooling  to  the  area  of  a  bonded  joint  during  the 
radiation  curing  to  obtain  the  maximum  strength  characteristics. 

Conclusions 

These  results  demonstrate  the  progress  that  can  be  made  by  continuing 
research  efforts  in  radiation-curing.  It  is  a  well-known  maxim  in  materials 
development  efforts  that  variables  in  both  composition  and  processing  must 
be  studied  in  order  to  improve  the  final  product.  Of  the  three  reactive 
diluents  selected  in  this  study  for  modifying  a  high  molecular  weight 
polymer,  one  has  produced  an  adhesive  with  appreciably  higher  temperature 
stability  as  well  as  greater  bond  strength.  In  the  other  study  of 
temperature  effects  on  the  radiation  curing  process  of  a  particular  adhesive, 
it  was  demonstrated  that  temperature  control  was  necessary  to  develop  maximum 
fracture  toughness.  Other  materials  may  not  be  as  sensitive  to  temperature, 
but  the  factor  should  be  evaluated  in  future  studies. 
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Future  Work 

The  on-going  program  will  investigate  other  high  temperature  polymer 
materials  having  unsaturated  terminal  and  pendent  groups  in  the  structure. 
These  will  be  tailored  in  compositions  with  various  reactive  diluents  and 
toughness  modifiers  to  facilitate  radiation  processing  procedures  and  improve 
fracture  energy.  Another  study  will  soon  begin  which  will  investigate  the 
feasibility  of  applying  various  radiation  methods  to  modify  surfaces  of 
fillers,  fibers  and  metals  to  enhance  bonding  interface  characteristics  of 
radiation  cured  adhesives  and  composites.  The  DMA  and  other  thermal  analysis 
methods  will  be  more  fully  utilized  to  characterize  the  materials  in  these 
studies. 
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Fig.  1  -  Correlation  of  temperature  stability  determinations  by  lap-shear 
strength  and  dynamic  mechanical  analysis  (DMA)  of  electron-beam 
cured  formulations  of  Epocryl-12/vinyl-reactive  monomers. 
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Fig.  2  -  Fracture  energy  vs  temperature  reached  during  radiation  curing  of 
Loctite  LO-559. 
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